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Abstract

In this thesiswe primarily focused orthe development of a highesolution cavity
ring-down spectrometdlCRDS)coupled with aontinuouswave(cw) modehop-free
(MHF) externalcavity quantum cascade laser (EXCL) operating at-5.2 u mn the
mid-IR molecular fingerpnt region and subsequently we demonstratés
applicatiors in trace gas sensirags well agn high-resolutionmolecularspectroscopy

studies.

We have utilizedthe EC-QCL basedcw-CRDS systenfor ultra-sensitiveand trace
detection of ftric oxide (N.O) which isresponsible foiglobal warming as well as
climate changeWe probed the rotationally resolv&{8e)absorption line ofvi+ v)
combinationbard of N,O for direct quantitative and selectiassessment of the
concentration in the sample¥he CRDS sensodemonstrates the advantages of
monitoring atmospheric XD mixing ratios in the ppbhkevelswith high sensitivity and
molecularspecificity. A significant change in pO levels was observed in different
subareas depending on the source afalopollution. We also observed a marked
difference in NO levels between morning and afternoon sessions of the day in a

particular sukarea.

In the next studythe cw-CRDSwas utilized for simultaneous and molectdpecific
reattime detection of several environmentally and biomedically important trace
molecular species such as nitric oxide (NO), nitrous oxig®JNcarbonyl sulphide
(OCS) and acetylene {B,) at ultralow corcentration by probing numerous
rotationally resolved rwibronic transitions in the mitR spectral regiorwithin a
relatively small spectral range of ~ 0.05 trsing the current highresolution
spectrometerthe ultrasensitive detection of NO and OGS exhaled breath were
performed. We also investigated the trace detectiorn,Of &dC,H, in ambient air.

We have implementedour developed EQCL basedCRDS system to studyigh
resolution revibrational spectroscopy of linear triatomic molecule ligarbonyl
sulphide OCS. Weobserved thétype doublingin A vibrational statel€2) in (14°0)
— (02°0) weak hot band transitioof OCS and subsequénidetermine the I-type
doubling constant, vibrational dipolmoments, rotational constants acehtifugal
distortion constantfor the particular (12D) vibrational stateThenew dataareuseful

for better understanding of linear polyatomic molecular properties.



In the next part othe thesis, we have extended our work in biomedical diagnostics
andwe demonstrated aew methodology*C glucose breath te$t°C-GBT) for the
accuratenorrinvasive diagnosis of small intestinal bacterial overgrowth (SIBO) in
irritable bowel syndrome (IBS) patientsy measuring"*CO,/*?CO, stableisotope
ratios in exhaledbreath This newmethodology may be usesnoninvasive tesfor

screening of SIBO in routine clinical practice

The present thesis work reveals the developnagwlt applicatios of an EC-QCL
based CRDS spectrometéor trace gas sensingnd high resolution molecular
spectroscopyn mid-IR region of the EM radiatianThis high finesse optical cavity
based laser spectroscopy technique may opem ngw direction of research in ron
invasive biomedical diagnostics, environmental science armgh hesolution

fundametal molecular spectroscopy.
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1.1 Introduction

Spectroscopy is the brem of science which dealwith interaction of
electromagnetic (EM) radiation with mati€e.g. atoms, moleculextc). The atoms
or the molecules absorbnergy (or to emit energy) fronthe EM radiation and

subsequently transfetr into anotherexcitedstate. Since the atoms or the molecules

1



Chapterl

can only existat welldefined discrete energy levels, only the radiatioth certain
energy canbe absorbed which further indicatebout the spacings between the
guantized energy levels that are associated with various internal motions of the
system.n atomic systers) electrons are in motion and the transitcd@monstrates the
change in electronic configuratiowhereas in molecular systems, the internal
motions includingthe rotation, vibration and the orientations of the nuclear spins
govern the transitist”. To analyse the observed spectize quantum mechanical
modelsof distribution of discret energy levels irm moleculeare employed to get the
information about tb structure and properties of the molecule includingbibied
lengths, strengths of its bonds, the identity and relative positions of its constituent
atoms, he energies and symmetries of its molecular orBitdlse intensities of the
observed spectral transitiodemonstrate the relative populations of individual
mol ecular ener gy 1| e vgoverns whichdevets may becdepl ¢ c t i o
by allowed transitions suggestthe symmetry of the molecular electronic wave
functionswhich enabled us ta@entify the particular molecular statéhe observed
energy level patterrprovides the information about thermodynamic properties
(enthalpy, entropy, heat jgacity, etc.) of moleculesand equilibrium constants for
chemical reactionsvhilst the spectrum of a gin species indicatesn absolutely
unique molecular fingerprint, an essential toolrfarnitoring the trace speci@s bio-
medical diagostic$® environmentalmonitoring applicatiod® and have wide range

of implications inanalyticalchemistry** andastrophysic&™**.

A numerousgaseouschemical substances exhikstrong fundamental vibrational
absorption bands in the midfrared (mid-IR) spectralregionand the absorption of
EM radiationby these fundamental bds provideunique featurefor their detection
Thus the region is the most convenient for monitothmgtrace molecular specias
exhaled breath and atmospheric sample via dgeantitative absorption the mid-
IR region these fundamental bands may have the absorptiorseigs one or more
orders of magnitude higher than the overtone or combinhtods that occur in the
nearlR region(NIR). In the past few decades, thew cost cryogenic cooling free
tunable diodelasers operating in the NIR spectral region weidely used for
monitoring thetrace species in gaseous sample. In the NIR reginen molecules
generally have the smaller absorption cresstions than in thaltraviolet (UV) or

mid-IR regions but the detectianethods haveome advantages over other spectral
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regions. In presence of broad absimnp band in the UV region, it is diffult to detect

the specific molecules via strong electronic transitions. Moretivehigh cost of the
mid-IR transmitting materials and the unavailabilitf high sensitivedetectors
restrictedthe use of midR sources for monitang the trace speciesn gaseous
sample But, with thetechnologicaladvancemenin the fabrication of semiconductor
materials, the solid state miR laser sources become very popufar their
applicatiors to direct quantitative measurement$ trace specieasng theabsorption
spectroscopic techniques\n ideal mid-IR source would have somillowing
propertie$® (1) high optical power to overcome inherent electronic detection noise
and ensure high laser sigfiatnoise ratios, (2) narrow linewidth to obtain high
selectivity and sensitivity, (3) single longitudinal mode operation with low amplified
spontaneous emission output for high selectivity and eliminatibrintermode
competition noise,(4) ease of tailoring the inherent laser operating wavelength
(design of gan material and/or cavity structure) to assethe desired absorption
region, (5) low source noise and low amplitude modulation; (6) high beam quality,
i.e., small beam divergence, small astigmatism, and stable, predictable beam output
direction, for optimm coupling intoand through a gas sampling cell)) low
temperature anducrent tuning rates to minimizevavelength jiter induced by
controller noise,(8) rapid wavelengthunability for fast response and high data
acquisition rges, (9) minimal susceptibilityo changing environmental conditions of
temperature, pressure, humidify0) no long term changes in laser wavelength and/or
spatial output characteristicand (1) compact and robust overall sensor package
size However, it isreally challenging to achieve all these idealized propeiriesy

real world midIR laser sourcdut some of the attributes are more important for a
given application to obtain the best possible measurement perforriowever the
guantum cascade lasers currerplgy the pivotal rolein mid-IR photonics and a
relatively recent development in the field of semiconduletser technologyin early
days, themid-IR semiconductor laser operation waased on intebandtransitions
whered in quantum cascade lasers utilitee property ofintersubband transitions
within a multiple quantumwell structure.This offels excellent designglexibility
because the staircase of intersubband transitions can be designed to obtain particular
emissionwavelengthsMore recently, roontemperature controlledvidely tunable
with mode-hopfree tuning featuresgontinuous wave, single modéjgh output

powerwith extremely narrow line widtimid-IR QCL saurces have been developed

3
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and thus encourages the researchthendevelopmentof novel optical sensors for
monitoring the single or multiple traademicalspeciesin a gas sampl&ith high

sensitivity andnolecularselectivity'®.

1.2 Infrared absorption spectroscopy

In the IR-spectal region of the EMradiation the molecules undergo
vibrational transitios, resulting thevibrational absorption spectra consist oflaage
numberof discrete closely spacedo mp one nt s ( t'ywhichcasse from <10 ¢
rotational transitions thare associated with each vibratiopatitation Each linehas
a certain linewidth and shape that depends on temperature and surrounding
environment of the molecule3he spectroscopidransitions betweenvibrational,
rotational androtationalvibrational ( “-vy bbr at i onal ) states 0cC

“f irnpgrei n t are diseugseddriefly in this section.

1.2.1 Vibrational spectroscopy

Vibrational spectroscopydeals with transitions between the quantized
vibrational energy levels associated with bond shvegy or bendingvhen exposed to
EM radiation When the constituergtomsof a moleculeare displaced relative to one
anothery the dipole moment changasdthe vibration is said to be infr@d active It
is noteworthy to mention here that not the permanent dipole moments rather the
“changes 1in t Iplays the centrdl role tmexaitiee mol&cule in higher
vibrational energy state when exposed to EM radiatibimus every chemically
heteronutear diatomic molecule (such as HCI, NaBr or &id) canbe considered as
vibrational lagtiveosince the wifferencesein dtompmolarizabilities
ensure that there is always some zemo permanent dipole moment whose
magnitude will oscillatewhen the bond stretche8y the same argument, the
homonuclear diatomicmolecules suchas H, N, etc. can be considered as

vibrationally or“infrared’ inactive

The situatios become more complicatedshen the vibration of a polyatomic
molecules areonsideredA molecule containing N atoms will have 3N degrees of

freedomas the positions of each atom are specified by the threedamates (e.g. X, y
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and z coordiates) in Cartesian system and their maticare independent of the
others However, thefixed bond distances and the bond angles constrained their
motion.If a molecules free to move in 3D space, the translational movement is noted
by its centre of gravityvhich requires three coordinate valudtso, the rotation of a
nortlinear molecule an be resolved into three perpendicular axes wtaghirethree
more degrees of freedom. Thus tm®nlinear moleculeshave 3N6 fundamental
vibrations. Again, the linear molecules do not exhibit the rotation about the bond axis
so only two rotationablegrees of freedom are allowethus the linear molecules
show 3N5 vibrational fundamentals vibrations. Among these fundamental vibrations,
there are NL vibrational motions related to bond stretching wherea$ 2Nd 2N4
fundamental vibrations related bending motions in nelnearand lineamolecules
respectively For an illustrative example, the vibration of a simple lineaatmmic
molecule CQ (0O=C=0)is depicted irfigure-1.1
— —

Symmetric stretch

«— —> «—

'®

Asymmetric stretch

T T
—¢

Bending Mode

Figure 1.1Vibrational modes of C&molecule.

It is a symmetric linear species and has no permanent dipole moment, and hence it is
microwave inactive. It has3N-5=4 fundamental modes, among thesel?
stretching modes and 282 bending modes of vibratioi.h e “s ymme t r i ¢
mode( 1 in which oth C=0 bonds stretch and compress in phase with each other,

t he -s“ammdt r i c s(tmnahich bné bombcdnepresses while the other
stretches, and vice versa, and the bending nioglelt is clearfrom the figurel.l

that the symmetry of thenolecule is maintained throughout the course of the

5
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symmetric stretching vibration, so the vibrational motion does not give rise to any
temporary or “ i nmomants.t la cantvast,s for bathi theo &nd
symmetric stretch and bending modes, theemdhbr distortion that occurs during the
vibrational cycle will give rise to a temporary dipole moment which oscillates in
magnitude and direction as the motion proceeds. The bending mode of the CO
molecule is doubly degenerate whereas the-symimetricstretching mode is nen
degenerate. The frequencies of the fundamental vibrational modes, @r€&hown

in the Tablel.1

Table 1.1 Summary of the Fundamental vibrational modes gf CO

Assignment Description Band origin/cn IR active
Vi Symmetricstretching 1388 No
V2 Bending 667 Yes
V3 Asymmetric stretching 2349 Yes

The vibrational motion of a diatomic molecular system can be descubied a

simple harmonic oscillato(SHO) model in quantum mechanic¥he Schrodinger

eguation can bapplied to solve the energy eign value of a molecula particular
vibrational s t at e .wavk functipn qorre$pondssto at pharticular n a 1 o
vibrational state of a molecule with eign energy vakig, then the vibrational
Hamiltonian for that particular state can be gitgn

> dy (1) _
o dr +V(r)y (r)=Ey (1) W

|:|viby (r)=-

1
Considering the potential energy functivifr) :Ek(r - 1,)°[ (r-ro), is the difference

between the intenuclear and equilibriunseparation of the bond] the eagy eign

value can be evaluated and expressed by:
E, =(v+y2)hn, 1.2)

wh e r ods,the frequency of the oscillatigm Hz) of the molecule, given by:
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1 [k
no = |—
op \ m (1.3)

wh e r ¢ peduced mask ef the molecaerd k is the bond force constamdyv is

the vibrational quantum numbbkes the allowed valugofv= 0 , 1, 2, 3,

In spectroscopythe vibrational energies usually expressed iff @md it is customary

touse ‘G’ to represent the vibrational en
o) =5 =%+ 187 [emY (1.4)
hc ¢ 2+
In which 77, = —+ \ﬁ [cm] (1.5)
2;c\\m

Figure 1.2 shows the quantum mechanical wave function and energy level for a few
of the lowest value of a diatomic molecular system consideringdtential energy
function of a SHO.

Figure 1.2 Harmonic oscillator wave function of a diatomic rigid molecule with few

lower energy levels. The separation between the adjacent energy Iewﬁ&svmh
. 1_
zeropoint energyE n,

The qualitative properties of the walenctions are exactly same as SHQt the
lowest harmonic oscillator level allowed by quantum mechanics does not have zero

vibrational energy, but rather hagero point energpf

7
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G(0)==7,

N

(1.6)
The vibrational transitions are govermned
Vibrational Selection Rule 1 Vibrational transitions can only occur if the dipole

moment of the molecule oscillates in the course of the vibrational motion.

Vibrational Selection Rule 2If the molecular dipole moment varies linearly with

bond stretching, a harmonic oscillatoncaonl y under goes Av = =+1

Applying the selection rug immediately we have the transition energies between

adjacent vibrational levebf aharmonic oscillator i.e
DG =G(v+1) - G(V)
=(v+1+1/2)7, - (v+1/2)7,
=, cm* (1.7)

Since all the vibrational spacing are the same, all the allowed transition would be
piled up one another at exactly the s&neguencyl,, =/1,. However, in reality some

additional factors make the vibrational spectra more interesting. @hess follows:

() The angular momenturdoes not relate withradial vibrational mtion of a
molecule. Since the angular momentum must be consdwaty the absorption
or emission process of a phot@fl vibrational spectra must reale revibration
specta, with a simultaneous change in rotational quantum number J taking

account thengular momenturof photon

(i) For very small amplitude of soillation from equilibrium, the dipole moment
varies linearly.However to describe it more accurately quadratic, cubic and
higher order terms are required to incorporate in dipole moment funEtora

har moni c oscillator t hose t er ms are all

transitions energies are given By, = 21,, 37,...etc. Thus the multiples ofhe

frequencyﬁ0 are observed in the vibrational spectra. The intensities of the

overtone transitions rtrapidly become muc
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(i) The simple harmonicoscillator potential is not a very good approximation to
describe the real potential energy curve of a linear diatomic moledatest all
intermolecular potentials are approximgtquadratic near their minima but the
harmonic oscillator functio goes t o i n f|,iwhichtindicatestthel a r g e
bonds never breakihisisn ot practical. At r —> 0 1i.e
togetherthereal potentiafunction must approach infinitywh i 1 ¢ as r — ©
approach an asymptote at the balssociationenergy (seeidure 1.3). Because
of this shape asymmetry, the vibrational level spacings of a realistic potential are
not constant (as they are for a harmonic oscillator), but become smaller with
increasing energy, a ngéonality Iselectioni rmepi$ RO A v =
longer strictly true

A realistic and widely used potential function that describesvibration of thedi-

atomicmolecules ighe Morse functiorand given by:

V(r)=D,1- e 2]

- De[e—Zb(r—re) - 2 b +1J L.8)

In which D,is the depth of the potential energy well, known as bond dissociation

energy, ¢ is the equilibrium bondlengh and p defines stiffne
vibrations near the potential minimuifhe characteristishape of the Morse potential

with some poperties is shown in the figure 1.3

Hot Bands

Third overtone
Second overtone

First overtone
Fundamental

v=()

Zero point energy

r—p

=

Figure 1.3Vibrational levels and transitions a Morse potential energy function

9
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The positive first squared exponentiaérm in equation(1.8) dominates shontange
repulsive behavioyrthe middle negative term is responsible for the attractive
potential well and longange behaviouwhereasthe lastconstant term idicates the
potential asymptotdJsing the Morse potential functidhe Schrodinger equation can

be solved analytically and the vibrational energy level can be exgrasse

e(v):gw %w onoxe

(1.9)
where, /1,=—— /@ [em?] (1.10)
m
and, —h—bz[cm‘l] (1.11)
0X8_8p2m )

From the equatiofil.9) we can estimatthe ground statenergy of the molecule and

given by:

(1.12)

Using the equatian(1.10 and(1.11)the value of bond dissociation energy can be

obtained and given by

~ \2
D, :(’ZL) [em™] (1.13)
4nO
Thus the second term in equati¢h12) represents the correction to thioration
energy levelof a molecule andeffectively responsible for bond breakinkj we
expand the Morse function about rethen

V(r)© De‘f[b(r- R - [o(r- ) +—[b (r-r) -—[br- ) +. (1.14)

<C:C>

If |r-re| is very small, the cubic and the higher ordgmsbecomemuch smaller and
the potential reduces to simple harmonic oscillator potential with ke§22[Dhus at
smallirr e | , the higher or dddedtothe potential furctiv@ ¢ ” t e 1
make the shape morealistic Because of the anharmonicity the potential energy

10
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function, the orthogonality 1in the selec
sdection rule is modified as

Transitions in which the vi br avt=itb, are | qua:
strongly allowed whevr=et? %3, tbacemetmuch weaker i o n s

with increasingAv|.

Therefore the observed strongest transition is associated {#wh = 1 and the

correspondingnergiesf the transition are

DG =G(v+])- G(Vv)
={(v+1+1/2)7, - (v+1+1/ 2% }- {(v+1/2)7, - (v+1/ 27 ,x )

=My = 27%,(V+1)
(1.15)

The equation indicates that with increasing the vibrational quantum numiies
vibrational energy level spacing become smaller dimdinishes completelyat the
dissociation limitas shown in figre 1.3. The energy associated with the transition

0 w= 1is known as thlundamental vibratiomnd given by

DG=G. - G,
= ,(1- 2x,)cmt (1.16)
Since at normal temperaturggpund vibrational state has the substantial population,
hence the transitonswithAv | =1 are the most 1 nturesnse an

in the vibrational spectruniHowever the energy associated with 0 v=2,v=0
—v=3etc ar e kfirstoovertoné ‘‘secondvertoné etc.andgivenby

DG =G,.,- G
= 2/7,(1- 3x,) cm* (1.17)
DG =G;- G
=37,(1- 4x.)cm? (1.18)
Thus theintensities of thdransitionassociated with Av | = +2 +3 are m

than the fundamentaldoreover, the energy associatedth transitions among higher
vibrational levelsisk n o wn a s  bdcause the lawekllavéls of such transitions

11
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would only have significant population at higher temperature. These transitions are
normally very weak andfound to at slightly lower wavenumber than the

fundamentals.

1.2.2 Rotational spectroscopy

Each vibrational eergy levelconsiss of a large numbeof more closel
spaced rotationalines, arise due to interactionof dipole moment of the rotating
molecule with the oscillating electric field of incident IR liglitwe consider a polar
diatomic molecule freely rating in free space with a fixed angular velocitye
component of its dipole along a chosen axis in the plane of rotation willadscill
sinusoidally, as shown inglure 1.4. When the frequency of the electric field of the
incident IR light matches withatural frequency of rotation of the moleguiewill
receive the periodic force in phase with its mottord absorb energy from the field

and rotate faster.

orientation

Molecular

Direction

nlpoleT —>l<—T —>l‘—

Vertical component
of molecular dipole

Figure 1.4 Behaviour of the vertical component of the dipole field of a polar molecule

rotating clockwise in the plane of paper

However, the Schrodinger equation can be applied to measure the allowed energy

levels of the rotating molecules.y (®) is the analogous wavanction corresponds

12
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to a particular rotational state of a molecwi#gh energyeign value E,y, then the

rotational Hamiltonian for @t particular state can written as

>2 diy(f
Y ey

Ho (F)=-
roty( ) 2m2 df2 (119)

On solving the equation (1.19he energy eigwvalue forthe particular state can be

evaluated and expressed by:

AN

rot — 2/7(re)2 - 21 (1.20)

in whichl = 0, 1, 2..etc and | is the moment of inertia of the system.

Again for a rigid molecular system rotatifrgely in aspacethe rotational energy can
be noted as

= (1.21)

where, L is the magnitude of the angular momentur‘ra)( Comparing the equation

(1.20) and (1.21)t can be stated that the allowed values for the angular momentum
are L= (|>) for any positive integer valuef |. Moreover, the fowed values of the

angular momentum in 3D spaisegivenby
U=L=>00+) for>= o, 1., 2, 3, .etc. (1.22)

where, J represents the total angular momentum of the molecule and hence the
rotational energy level of a rigid malgle can be written as:
h2
E_ = J(3+1) [Joule] (1.23)

rot 2
8o°I

As discussed in previous section 1.2He rotational energy caalsobe expressed in

cm™* and noted by

F(J) - Erot I!
hc 8p°lc

J(J+1) =BJ(J +1) [cm™] (1.22)

13



Chapterl

in which, B =

807Ic [in cm?] is called the rotational constant of the molecule.
From the equation (1.22pne can predict the allowed rotatal energy levels of a
molecule have the energies 0, 2B, 6B, 12Betc as shown in figure 1.5The
systematic increase in spacibgtween th two consecutive J values leaidsidentify
the upper and lower level quantum numbers associated with observed trarEli®ns.
important property of a photon is that it has an intrinsic angular momehamd it
must be conserved whenev@rmolecule absosbor emitsa photon, the rotational
guantum numbemu s t b e ¢ h a n gEhds the gnly Aofatioral transitions

between adjacent J levels are allowed and the observed transition energies are

A, =DF(J)=F +1- F(J)
=B[(J+D(J +2)- (J+1)]

30B J=5
v=10B
20B J=4
v=8B
12B J=3
T v=6B
6B J=2
T v=4B
2B - J=1
4 v=1B
0 J=0

Figure 1.5Rotational energies and level spacinfpr alinear rigid molecule

Therefore, the pure rotational spectrum is consist of a set of spectroscopic lines whose
energies increases linearly with J and thasesl will be equally spacedith a
separation o2B as shown in equation (1.24)

DA, =n,"" - A, ,” =DF(J)- DF(J- 1)
= 2B[(J +1)- J)]

=2B (1.24)

14
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Thus the rotational spectroscopic lines can be observed when the energy of the
absorbed or emitted light exactly equals the spacing between the initial and final

levels, and if the following two selection rules are obeyed

Rotational Selection Rule:l A J since thd phan has an angular momentum of
1> thatmust be added to or subtracted from the angular momentum of the molecule

when a spectroscopic transitioncurs.

Rotational Selection Rule :2The molecule must possegsgermanent electric dipole
moment which appliea torque tahe oscillating electric &ld of the lightin order to

rotational transition to occur.

In reality, the molecular bonds are not righkt themolecule rotats, the nuclei are
pulled apart by centrifugal forces, and those forces are inckr@ate increment in

rate of rotation Thus, rotational quantum number J increases and the effective bond
length enhanced also. This in turn leads to an increase in the moment ofaneraa
higher J values the rotational spacing become progressively snidlkemotational
stretchingor the centrifugal distortion, is normally accounted to express the rotational
energy and denoted by the following:

F.(3)=8,[30+1]- D,[3(3+Df (1.25)

where, B, is the vibrational dependence of the rotational constant ternmDarsl the
centrifugal distortiorconstant whose magnitude depends inversely on strength of the
bond In general, D,<<B, which implies the weak bonds distort more ttsirong

bonds. The rotational transition energy is given by:

i, =DF,(J) = F(J +1) - F(J)
:{BV[J(J +1)(Jd +2)]- D[(I+1(I + 2)]2}
- {BV[J(J +1)]- D,[3(3 +1)]2}

=2B,(J +1)- 4D,(J +1)° (1.26)

and therotational energy level spacing is givien

15
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DA, =A," - i, =DF,(J3)- DF,(J- 1)
=2B, - 4D,(J*+3J +])

(1.27)

However, to describethe rotational energy lewelof the nonrigid rotator more
accurately, some additiahhigher ordeterms are addet it andcan beexpressed in

more general fashiozis shown belw.

F,(9)=BJI@+D)- DLIQ+DF +HJI@+DP- LI +D]* +.. (1.28)

in which H, andL, are the higheorder centrifugal distortion constants. In fatte
rotational energy actually depends be set of rotational constan®,(D,, H, L.,

etc.)that led us to labdd, as the inertial rotational constant.

1.2.3 Ro-vibrational spectroscopy

A real moleculecan rotate and vibrate simultaneously. Since the vibrational
frequency is higher than the rotational frequency by one to two orders of magnitude,
the molecule undergoesanyvibrations (~100)during one period of rotatiorin the
previous section 1.2,2ve have considered the transitions between rotational energy
levels associatedith same vibrational level (usually v = 0). In this sectime have
considered the transitiotetween the sets of rotational energy levels associated with

two different vibrational levels. Tus,avibrational“band’, that is a transitionj2 vi,
is composed of number oflines’ViJi? ViiJi. Therefore ro-vibrational

spectroscopy describes the fine structure of vibrational spectra \ahigd from
rotational transitions accompanying a vibratiomicitation. Applying the Bormn

Oppenheimer approximatipmve canconsiderthat the rotationalibrational emrgy
levels (E") can be expressday sum of the rotational energy levé],(J) and the
vibrational energy leve(V)

E" =G(v) +F,(J)

=Ay(V+1/2) - Agx,(V+1/2)* +...+B,J(J +1) - D,I*(J+1)* +... (1.29)

Figurel.6 indicates theotational levels associated with two vibrational lewgland

vii. And the selection rules are as follows.
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Ro-vibrational Selection Rule1:

The selection rulesre the same as for eadltational and vibrationatomponent
separat edxland. A.JThesealettion réd AJ = £1strictly holds for the

mol ecul es in X state.

Ro-vibrational Selection Rule2:

The molecules must have changalipole moment during simultaneous rotation and

vibration, wherexposed to electromagnetic radiation.

AJ =-1 AJ=+1
7 i
6 A A
5 =1

A A '
! A A
; A A

: 2 A A
J=10 Ta) A 7
7
6
5 Vv'=10
4
3
2
J'=0
P(4) Band Gap R(3)
P(5)| P(3) R(2) | R(4)
P(6) P(2) R(1) R(5)
P(7) | | P(1) R(0) | | R(6)
| o T

vo v(em') —

Figure 1.6 Rovibrational spectrum and energy level pattern of a rigid diatomic

molecule

Transitions wit h Al = 0 can

molecuk is nonzero. The band origin is placewhere Jj=Jj=0 transition would

occur

when

occur if it were allowedThus the vibration band composed of number of branches

which in the simplest case are
R- branch:DJ = Jj- Jji=+1
Q- branchDJ =0
P- branch:DJ = Jj- Ji=-1

17
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It is noteworthy to mention here that Q branch transitions are forbidden in fThet ¢ .
frequencies of theach lines of the P branch can be written as
f.(3) =A, + BiJi(Ji+1) - Bidi(Ji+1)
=1, *+Bi(Ji- DJi- Bidi(Ji+1)
=11, - (Bi+ Bi)Jii+ (Bi- Bi)Ji’ (1.31)
Similarly, the frequencies of the each lines of the R branch can be written as:

M(3) =, + (Bi+Bi)(Ji+1) + (Bi- Bi)(Ji+1)? (1.32)
If we consider thathero-vi br at i onal i wveresmalldhen ByenBj t e r m ¢
which indicates that the +abrational band appears nearly symmetrigag-HCI)

about the bandentred,. Thus,

(3
(3

) =1, - 2BJii
) =11, - 2B(Jii+1)

(1.323
There is approximately equal spacing between the adjacent lines of P larahch

twice as large a space between the first PRabdanch line, i.e7 [R(0)-P(1)]=4B.
This spacing betweeR(0) and P(1) is known as zero gapis is the region Wher?/50

falls. Also the Qoranch, if present would, appeanghis gap

1.3 Intensity of the spectral line

The intensityof the spectral lines in the abrational spectra depends time
population in the rotational leve(gssociated with each vibrational excitatidrom
which the transition occumand the transition probabilitif.he population of rotational
states at certain energies under the condition of thermodynamic equilicaiurbe
described using statistical thermodynamics partition functdow, in order to
specify the probability of finding the system in a particular energy level, we must sum
over the populations of all distinct quantum states with that endittgrnativdy, in
thermal equilibrium at temperature, Tthe probability of finding a molecule in a

particular energy levet; is proportionatog,e 5'*=" , in which g, is total degenerag

in the levelE; and Kg is Boltzmanconstant As the sum of the probabilés for all
possible levels mustdd up to 1, the fraction of all molecules (of a given species) with

energyk; is can berepresented by:

18



Chapterl

e E /KgT
f.(T) =g'—,KT
age~'"
i (1.32b)
The denominator of theght hand side of equation (1.82indicatesthe sum running

over all possible distinct energy levels i8 called the molecular partition function.

For a rotating linear molecule the ezgy levels are specified by the total angular
momentum quantunmumber J, andheir energies are given by equasofi.2?),
(1.25)with degeneracy; = (2J+1) Hence the fraction of molecules with rotational
energy F.(J)=B\J(J+1) is given by:

N, (23 +1)e-2B\,J(J+1)/KBT
N_O = fJ (T) = a (ZJ +1)e_ 2B,J(J+1)/KgT
J

(1.33)
From the equation (1.33) is obvious thaf; (T) is the product of two terms, (2J+1)
whichincreases linearly with, vhereaghe other terme 2%°*d/KsT demonstrates the
significant decrease ify (T) value with increase in J. Thiilse competition between

these two terms givebe overall behaviour shawby the solid curve indure 1.7

A .

S g =20+

-BJ(2J+1)/K,T

Population —

J —

Figure 1.7 Population distribution ofotating diatomic molecule at T ~ 296 K

d
Therefore, to obtain theost highly populated rotational Ieve(Jj—J f,(T) =0which

KT
2B,

- 1. .
indicates J = Jhad(T) = "5 is the most populated level at the given temperature.

Sometimesthe centre of symmetrgf a molecule has an interestingle in the

alteration of the intensities in P and R branches of thebmational spectrumHere
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the nuclear spin of the constituents atoms in a molecule determine the populations in
the rotationallevels. To illustrate this phenomenpRauli principlecan be applied
which states that totakavefunction of any molecule must be either symmetric or
antisymmetric with respect to exchange of any indistinguishable nuclei. The
wavefunctionfor the systenof electrons (or the particles with hatitegral spin) must

be antisymmetric with respeth exchange of any two particlebey “FermiDirac
statistics. But the wavefunction for the system of neutrons (or the particles with
integral spin) must be symmetric with respect to exchange of any two particles obey
“BoEBien st e i n Thudthetelectranic, vibrdtional, rotational and nuclear spin
parts contibute to the total wavefunction aman be written as a product thfem as

shown in equation (1.34)

total el, ,vib, , rot, , ns

yo=yyy (1.34)

where ¥y ™is the nuclear spin wavefuncion. The ground state electronic and

vibrational wavefunctionfor the linear moleculessuch as HC = {# remains

symmetrical with respect to exchange of the nuclehereas the rotational

rot

wavefunction(y ™) is symmetric teexchange for even values of J and asymmetric to

exchange for odd values of J. Thereftoesatisfy the Pauli principley ™ will be

asymmetridor even J and symmetric for oddld C;H, molecule both the hydrogen
nucleus are with 1=1/2 nuclear spand hence the two electrons in th nuclei can

be combined to a triplet and a singlet function:

e 2
SaWa(2) u
y"™=ébM)b(2) N
s 1 (ab@ + bDa@)
o——\d U
&2 Y (1.35)
1
y=="{a@®b(2)- bOa(2)}
V2 (1.36)

where 1 and 2 are the tingdrogenatoms nd o and P-upel $) edndosF
down (|) s t a, trespectivély. Thub for each odd watuof J, the three

possible occupancies ™ and for even value of J, only oeecupancy is possible

in ¥ ™. Thusthe molecule exhibits nuclear spin degeneragyofgen by:
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_ &3 foroddJ g

9 = u
gL forevenly; (1.37)

Therefoe, including the spin degeneracthe Boltzman distributionfunction to
describe the populations in the lower rotationatest iggiven by:
N, o 3(2] +1)e?2 OV for odd J
and
N, o 1(2J +1)e 20T for evend (1.39

Thus the alternate rotational levels have the population differ by the ratio 3:1,
resulting the alternation in intensity for P and R branchraliso lines in a given ro

vibrational spectra of £, as shown in figure 1.8

Absorption/ %
[#]
1

I |\||\ I

I | I I | J
1280 1300 1320 1340 1360 1380

-1
Wavenumber/ ¢cm

Figurel.8 Hitran simulation of revibrational spectra of gH, at 20 Torr pressure

alteration of spectral line intensity for odd and even values of J.

The intensity pattern of the sabrational spectra of a heteronuclear diatomic
moleculealso depends on the transition probability. lectric dipole transitions, the
integrated line strengtf;; (or integrated absorption cross section) is proportitmal

the absolute square of the matrix element of the electric dipole opérator

8p°
Gy :ﬁ‘M fi‘z

(1.39)

21



Chapterl

Gii representsheappropriate integration over the molecular absorption cross section:

Gy = F’F‘ﬁ (ﬁ)ﬁldﬁ (140)

2 s .\ |2

gl =&t ml)
r (1.41)

where, the summation is taken oviee components of the dipole moment operator in

Cartesian cabrdinate system.
. n Y
m=a me =arnq
r i

g s’ are point charge ,pﬁé{ is tthe cpbsiion vectar the h ¢ m (
corresponding charge particles ar@lis unit vector.On evaluatingthe integral
depicted in equation (1.4@ndusingthe wave functiordepictedin equation (1.42)
the intensities ofttero-vibration spectrum can be obtained.
Y (RG.1)=F ,(RY, y, (@) (1.42)

where ®,; (R) is the vibrational wavefunctienwhich are the solution of one
dimensional Schrédinger equation with an effective J dependent potential. As
vibrational wavefunction is R dependente can use the R dependdigole moment
function described by Mecka 1950, shown in fig 1.9 and written in equation (1.43)

to evaluate the vibrational transiti moments.
mMR) =bR'e ™ (1.43)
whereb, n anda are the adjustable parameters which govern the behaviour RY.

The homonucleadiatomic moleculeslo not exhibitelectric dipole pure rwibration

spectra, because p(R) vanishes for symmet

The electric dipole moment function can be expanded with a Taylaessers
described in equatiofi.44)

m(R)=n(Re)+§é£78 (R- Re)+é1 2’2"3 (R- R)*+...
R é{ﬁ*‘:" (1.44)
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p(R) ——

R —_—
Figure 1.9 Variation of dipole moment with internuclear distance in a heteronuclear
diatomic molecule

Thus the purely vibrational transition moments can be described as

=Ry )R R R
%?8 W JR- RYy )+ (1.45)

Since the vibrational wavefunctions, and y . are the eignfunctionsf the same
Hamiltonian, they are orthogonal for # v * :
il =d, (1.46)

Thereforethe leading ternm equation (1.45)s

M., =278 R- Ry, (147)
cHR Re

Thus the strength of the vibrational band depends on the magnitude of the derivative

of the dipole moment with interuclear separation. Figure 1sbows,uy —0 wh e n

R —0 , ncesthie nuclei coalesce. For neutral diatomic molecules0 when R —w
because the molecule dissociates into neutral atom. Thergforeh a s t he ma xi

value betweer) a n th theofigure 1.9 the maximum occurs at R, giving a

negative slop@?élgg at Re. If the maximumwere occur at R>R there would be a
cHR+
positive slope aRe.

Considering the harmonic oscillator wave

the second term and Ainequatiol (U5)+The nénbnear t h ¢

23
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term provides the intensity for the overtomansition forA v = 2. IliAgarai n t h
term in the di gré& Re — yidkdagonvanishirdyeleciri® giole
matrix element for1Dv| >0, when the anharmoniwavefunctions are used. Hence the

mechanickanharmonicity govern the intensity of overtone transitions.

1.4 Line width and line-shape function of spectral line

The spectral lines in discrete absorption emission spectra are not strictly

monochromatic but have the spectral distributiorf v ) aboutfrequaney cent r

E-E
h

n, =

, WhereE; - E; is the energy difference between the upper and lower

energy level. Théunction { v ) i n t Wigis callecclinenshapeydineopfofile.
The freque ncay,-djbétweenthetwo frequenciesandsn,for which

1(n,) = 1(n,) = 1(n,)/ 2 is the full width at half maximum of the line (FWHMalso

known as linewidth of the spectral linA. schematic diagram of a spectral line is
shown in figure 1.10There are several factofswhich may contribute to the
broadening of the spectral linek the following sectionwe will discuss about
origins ofvarious types obroadening in a spectral line.

1(v,)

I) —»

~ Iv)2

0

Intensity

VI VO \/2

Frequency (v) —»

Figure 1.10Li ne shape of a spectrahdl|l FWeBIMwdVb h =

n, - nf

1.4.1 Natural broadening

An excited atonor a moleculean emits its energy in the form of spontaneous

emissionand the electric fieldssociated with thepontaneous radiation can written
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as x(t) =x,e* *e"'*>, wherex, is the amplitude of the electric field artgis the

spontaneous lifetime correspondstri@ansitionfrom higher energy level to the lower
energy levellt is observed that the electric fieddl thespontaneous emission decrease
exponentiallyand he spectrum associated with the eleclietd can be obtained by

taking he Fourier transformation of-it Thus,

+ o

x(n) = fye(t) e ' "t = }‘pxp[i 20(ny - M- t12t

(1.48)
X

:]/2[sp+i20p(n'no)

The power spectrum associated with the emission will be proporﬁob%)‘z;

hence the line shape functiassociated with the spontaneous radiatiam be
represented as

1 1
I(n):2 4p*(n- ny) *+1/4t_°
P !p /Y 0 sp (1_49)
andthe normalized line shape functioan be written as
2
==
p 16o (/7' /70) [sp +1 (1_50)

The above functional form is known as Lorentzian line shape function and the full
width halfmaximum of the Lorentzian functias given by
1
apg=——
Zey (1.51)

The natural broadening can also be estimated from Heisenberg's uncertainty principle.

A molecule resides in the excited levél with spontaneous lifetintg, has the
uncertainty in thenergyDE ° h/2,0 £,. Since no excited state has the infinite lifetime,
therefore there must have some broademinthe energy level in accordance with

Heisenberg's uncertaingyrinciple and the frequency of the transition terminating in

1
the ground state has therefore the uncertathtfF —— which is sameasFWHM of
p

the spectral linén natural broadening’hus $orter is the lifetime of the states more

broadenig in spectral lines will occur.
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1.4.2 Collision broadening

In a gas samplethe gas molecules randomly collide with each other and in
this collision processthe energy levels of the moleculgerturbed when the
molecules come to very close due to thmutual interaction When the colliding
molecules are far apart, their energy levels are unperturbed but as the molecules come
together their energy levels are perturtsd the frequency of the spectral line
changes during the collision tinjeA)z The collisiontime is very smaller (~Isec)
compared to the time between collisiopd0°® sec)and thus the collisiomay be
considered as almost instantanedsisce the collision time is random, the phase of
the wave after the collision is arbitrary with respectite phase before collisisand
eachcollisions result the random changes in phase and the spectra are no longer
monochromatic This type of broadening is called collision broadening or pressure
broadeningy.

I fo isthe mean time between two collisionise lineshape functiofior collision

broadeningcan be represented as

oy 2
1 1
() =528 =— S—
¢p = 24p%(pn-n,) +1t, (1.52)
which is a Lorentziauistribution and thus the normalized lineshape function will be
t 1
| (n)=-2
p 1+4p%(n- nf'ty’ (1.53)
with FWHM of ¢ g=—-
P (1.54)

Thus a mean collision time of ~¥@ecleads tathe broadening in the spectral line of
d = 0.3MHz (0.00001crit). The linewidth of the speeit line due to collisional

broadening can be minimized by working at low pressure. ake at which the
spectral lines becoma@oadenedvith increase in air pressure are demonstrated by air
broadening jcwhiehfcan beidetarmined( from the linear relationship
between the width of the broadened spectral feature and pressure of the colliding gas

molecules used in the experiment.
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1.4.3 Doppler broadening

In a gasous statethe molecules cammove randomlywith all possible
velocities from zero to infinity in any arbitrary direction in accordancé Waxwell
Boltzman statisticsDuring the motion of the gas molecules if they interaith an
incidentelectranagnetic radiation, the frequency of spectral line apparehthnges
when it isobserved by a stationary observer (e.g. optical detectos)is called the
Doppler effect and the broadenimgspectral line due to this effeisttermed Doppler
broadenin. I f we consider that a radiation of
collection ofrandomly movingnol e cul es whi ch havopa@and&a r e s o1
molecule interact with the incident radiation then the apparent frequency seen by the
atom in 1its fr a.nifethe sadiatian dsfassumed to @ropagate in z
direction, then the apparent frequency seen by the molecule having z compionent
velocity v, will be

n,=n(l- v,/c)

Y n=ny1- v,/c)*° ny(1+V,/c) (1.55)

Hence the probability (dv ) t hat the frequency of the t
v tiv  eqgual to the probability of-zomponent of veloty of the molecule lying
betweenv, and y+dv,, where
— (I7 " /70) C
1o (1.56)

and the lineshape function is given by,

Mc? (n-n,)* @

é
1(7) ——%8 ex 7
2k el 1N,y (1.57)

which corresponds to Gaussian distribution and the an&\WWdM of the lineshape

1

functionis given by,d g = %Ogezﬂln 202
¢Mc® =+ (1.58)

wherekg is the Boltzman constant, M is the molecular weight and T is the absolute
temperature of the gas.

Considering the molecular weight of carbon dioxideoiE 44x1.67x1G’ kg, the
Doppe r broadening due to vibrat ifoumddolbe t r a ns
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d §=56 MHz (0.00187 cri). It is noteworthy to mention here that if the Doppler

broadening and the pressure broadenmantribute similarly in a particular
experiment, then the spectral lines are used to fit with Voigt lineshape function which
is a convolution of both the Gaussian and Lorentz lineshape function.

1.5 Techniques for the measurement of trace gases

1.5.1 Spectroscopic Techniques

Monitoring of different trace molecular species andolatile organic
compounds YOCs) have several important implicationsn biomedical and
atmospheric sciencir better understanding of different physidl processes as
well as the atmospheric chemistiy.is very important to perform an accurate and
comparable measuremeoit the trace species to get a clear idea alioeir role in
human health andemonstrating thehanges in the atmosphefiéus thenecessy to
identify andmeasuring thguantitatve concentratiorof individual specie¢ead tothe
development of different spectroscopic methdds detection of different trace

molecular species and VOCs.

There are primarilywo advantageous feaes of spectroscopic detection methods.
Absorption spectrscopyis based orthe BeerLambet law described in equation
(1.59 provides the amount of absorption by the particular species to be directly

related to the concentration of the specietaidcation of the measurements

Inll— =-5s [X]I

0 (1.59)
where | and 4 are the light intensity of incident and transmitted radiation
respectively.c i s t h e dependentl absorptiorh cressction, [X] is the
concentration of the absorbing species amsl the pathlength through the sample.
Additionally the spectroscopic fingerprint of the trace gasesometimes be used as
a unique identifying featur@nd prevets the need for time consuming sample
preparation process. As these methpdovide precise and rei@ine measurement of
concentration of the trace gases, they are suitable for reliable, compact,imatitist
trace gas sensors. In this this sectiwe havedescribé about different common and
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popular spectroscopimethod with their typical detection limits for monitoring the

trace species in human exhaled breath and atmosphere.

1.5.1.1 Differential optical absorption spectroscopy (DOAS)

Differential optical absorption spectroscopy (DOAS) is active remote
measurementechnique pioneered by Plat al?° In this techniqueeither a thermal
light source such as Xenon arc lamp, a broadband laser or natural light source such as
sun, reflected light from moon atars used as a source of radiatioraaieceiver
placed several kilometres away to measure the concentration using the absorption
spectroscopy techniqud@hus the long pathlength provides the excellent sensitivity
for this techniqueThe radiation recead by the receive separate the light into
discrete wavelength components for spectral analysis. Since the experiment is
performed in open patltever the long path length of kilometrdanension,it limits
the spatial resolutioaf the spectral lines. Mepver, the opepath lead$o absorption
from a large number of trace species and from o#itesiorbing/ scattering species
such as aerosol, and the targeted species canmdirbeated from the air along the
analysis path. Thus the DOAS 4gt does not mvide the value for gl and
concentration of the species cannot be estimated from(Beabert law. However,
the DOAS approach relies on measurement of the differential absacptigssection
to assess the concentrationtioé species of interesthis involves the separation of
absorption into different wavelength (X&)

Si(1)=s,(1)+s,'(/) (1.60)

where S, indicates low frequencgf vibrations of absorption arises from scattering
losses i.e. the difference betwegrahd ‘true b’ as shown in figre1.11 The DOAS
absorption cross section is denoted by $hé termwhich exhibits rapid variation due

to absorption by thanalytes. The differential absorptiorosssection isneasured by
comparing the intensit§off’ and ‘on” resonance as shown intigg 1.11a to1ah @ A
respectively. On substitutinthe differentialabsorption and DAS crosssection in
equation(1.60), the concentration of the absorbing species can be ev&fuafad
DOAS technique has beémplemented for trace detection of iodinemogide (I0¥?,

hydroxyl radicals (OH} and many other atmospheric pollutants such as, I$O,
03 et
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True I,

Figure 1.11An example of a DOAS spectrum

1.5.1.2 Differential absorption lidar (DIAL)

Differential absorption lidafDIAL) is a well-established technique to monitor
the trace moleculespecies in atmosphéfe The working principle of DIAL is same
as the principle used in DOAS. In DIAlwo high energy pulseof radiationwith a
very small difference in wavelength, are directed into the measurement region and the
Rayleigh and Miescattenng resulting from the molecules and aerog@spectively in
the backward direction towards the DIAL instrument is measured. In presence of
absorbing specien t he path between theaesonaneer ce a
wavelength will be attenuateddo gr eat er degree than the °
The time for detection of back scattered light after the initial light pulse is used to

provide the rangeesolved informatioms shown in figre1.12

G (A,.)

Power received (P)

G (b -

R, R,
Range OR time after pulse

Figure 1.12The dial concept
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In the range of R and R2, the average concentration can be determined from the ratio
of the backscattered signal (P) at thmv and “of f” rednonance

accordance with equatiqt.61).

- . b AOMAGY,
2R, - R)S(/,)- 5/ ) C oit (R)® Pon(R;) 2 (1.61)

1.5.1.3 Tuneable diode laser absorption spectroscopy (TDLAS)

Tuneable diode laser spectroscopy (TDLAS) is widely used to measure the
concentration of trace molecular species in exhaled human breath sample as well as
atmospheric samplé It is a highly sensitive direct qutitative measurement
technique in which multipass absorption cell such as Whité’ eelHerriott cells°
are used with a tunable diode laser, most commonlydatdiiode laser operating in
the midIR spectral rangeo achieve the excellent detection ilisn These midR
lasers often required the cryogenic cooling and hampered by-mmdiie emission.
Recentiechnological advancemeleiads to availability of low cost, user friendly laser
device that operates in room temperature with a relatively high output (mwW) of
narrow bandwidth emission in theearlR which limits the sensitivity of the
technique becauséhe researchers can accetb® weaker vibrational overtone

transitions and combination band of most ofrti@ecular specieis NIR region.

However, the conventional absorption technique require measurement of small
changes compare to large bgwobund signal, TDLAS is often coni®d with
wavelength modulation or frequency modulation spectroscopy which indicates two
fold benefits of the present technique. Firstlyproduces the different signal that is
proportional to the concentration of the sample and secoihdiows the ginalto be

detected at &requency in which laser noise is significantly

A variety of IR Lases have been coupled with a TDLAS to monitor the exhaled
breath and atmospheric constituerfor exampleLachishet al®! demonstrated the
detectionlimit of 1 ppm of NH3 in exhaled humaior breathwith an integration time

of 10 seausing adiode laser operating at the central wavelengtih 1d Moskalenko

et al®? reported the detection limit of 0.5 ppm CO in the spectral range qf 406

using the TDLAS technique. Wysockt al®® reported the detection limit of 1.2 ppb

of OCS in exhaled breath in the spectral range of g.8 us i ng t he s a me
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Rehleet al®** demonstrated the detection limit of 3@pt of HCHOusing atunable
diode hseroperating at 3.53 m Moreover, the TDLAS technique can be employed
to measure the concentration of the atrhesigc trace species such ldsO, HONO,
HNO;3, NO; etc.

1.5.1.4 Diode laser frequency chirping (DLFC)

Diode laser frequency chirping ishaiseful tool for detectiormolecular
speciesin analytical chemistry exploiting the absorption spectroscopy technigue
square wave signa used as a pulse to laser controller at a repetition rate less than 1
KHz to chirp the frequency of the laser. Wihihe drive current of the laser exceeds
some threshold valuéhe diode begisto emit laser radiation. The temperature of the
diode increases with flowf currentwhich in turn increases the refractive index and
length of the laser medium results the rapa in the wavelength of the emitted
radiation.This process is known as frequency chifpe change in wavelength does
not follow the linearwavelength scale in time, therefore to convert the nonlinearity
into the linearwavelength or frequencgcale an etalon is employed to monitor the
wavelength of the output radiatiomo determine the concentration the smaple is
scanned over a small spectral range of interest at high repeat@nin principle,
such fast scanning indicates acquisition and summatfiamore than 1000 spectra per
secondand rapid averaging improves the signal to noise ratio and hence the detection

limit. Lindley et al®*®

reported thaletection limits of 21 ppmv and 49 ppbv for a 4 sec
optimum integration time in a single and mygdass cell respectively employing two
frequency chirpedwDFB lasers operating at the centre wavelengths of ~ [i.b2

and 1.535 pm. T h cioned dhere atet not sufficidnti fan manigoringhe n t
the GH, concentration irthe ambient air, but the rapid data acquisition rate of this

technique facilitates the measurement the concentration in plasma and flames.

1.5.1.5 Laser photoacoustic spectroscopy (PAS)

Photo&oustic spectroscopf{PAS) is based on the photoacoustic effect, in
which acoustiavaves result from the absorption of radiation and the acaighal is
directly related to the concentration of the analytes. In contrast with othelRmid
absorption teamiques, PAS is an indirect technique in whiaker beam impinges on
a selected target gas atn@ effect on the absorbing mediusrstudied rather than the
direct absorption of the lighby the gas moleculed.ight, from either pulsed or
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choppedcw-laser sources produces a transient temperature rise in an absorbing
medium via nofradiative relaxation processes, which then translates into a pressure
change or sound wave and detected with a sensitive microphlememplitude of the
output electrical signdfom the microscope is proportional to the concentration of the
absorbing species in the cdlAS is ideally a backgrouridee technique but in real
experiment background signals come from -sefective absorption of the gas cell
windows, outside acoustimise, scattering of the laser radiation by aerosols onto the
microphone Since the PAS signals apeoportional to the pump laser intensity and
therefore PAS is mostly used witigh-power laser sources, in particular £&nd CO

lasersto achieve the gabdetection limite’.

The key features of the photoacoustic technique include (1) excellent detection
sensitivities down to suppbv concentrations with powers in the watt range, (2) a

large dynamic range, (3) PAS detector responsivity is almost indepearidea pump
wavelength, and (4) a PAS signal that is directly proportional to the absorbed
radiation intensity, but does not scale with pathlength as with the previously discussed
signal enhancement techniques. Indeed, the PAS signal will increasasdrabeam

passes through the same volume/detection area of a microghdeeection limit of

100 ppbv of ammonia(NHs) has been reported by Paldes al®’ using a
cryogenically cooledcew-QC-DF B | as er with a 16 mW power
whereas Schilet al* demonstrated a detection limit of 0.1 ppbv of Niding a CQ

laser for the trace detection of ammonia. Other trace atmospheric species such as
nitrious oxide (NO), ethane (@Hg), ethene(C;Hs) have been monitored with
sensitivities ppbv down to pptv range using PAS techrififdeFurthermore Puiet

al.*® reported thedetection of ethane and ethylemehuman exhaled breath in the
spectrarange of 3.3im andml eSS pectively udsSingthe t he P
same techniquéngelmahret al.** described the detection limit & ppb HCHO in

exhaled breath using a tunable laser at 8.53

However, in trace gas sensing applications, FASimited to extractive point
monitoring due to the requirement of an absorption cell. Additionally, PAS requires
sufficient sampling pressures (= 100Torr
generation of the acoustic waves, thus limiting Hedectivity in some casés.
Furthermore, the effective collisional transfer can depend on the relative composition

of the gas sample.
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1.5.1.6 Laser induced fluorescence (LIF)

Laser induced fluorescence (LIF) technique is a direct quantitative absorption
technique to determine the concentration of trace species in atmospheric as well as in
exhaled human breath. In this method, theaaption transition occarfrom a lower
electronic state to some vibrational levels of an upper electronic state and then the
molecule lose vibrational energy through collisions with other molecules and reach to
the lowest vibrational state of the excited electronic level. The process is often more
rapid than spontaneous emission of radiation, so that when the molecule fnally r
emits the radiation from the lowest vibrational stéite emitted wavelength become
longer than the absorb radiation of the near UV or visible,licdrt then be detected
At low concentration of the analytes, the fluorescence inteissjpyoportionatto the
sample concentration which leads to the careful calibration of the app&®aius
fluorescence has a very low background, greater sensitivity can thus be achieved
which further exploits the advantage of LIF technique over other absorption
spectrosopy techniqguegdowever, the technique is suitable for those moleq@¢$
, CN etc.) which have bound and optically accessible upper electronic. states
Collisional quenchingf fluorescence signal are often occur at atmospheric pressure
and Rayleigh scattering of the laser by air molecules give the backgsigmal.

These are the twmajor challengein LIF technique To overcome the problems,
samples are often expanded ifdwv pressure vacuum chamber for detection and this
reduces the concentration of targeted species in the samglexcellent sensitivity
has been achieved. This is called fluorescence assay by gas expansion*{FAGE)

14" reported the sensitivityof 3.1x1F molecule/cmi and 2.6x10

Bloss et a
molecule/cr corresponds to the detection limits of 0.012 pptv and 0.09 pptv for OH
and HQ respectively usig this FAGE method. This method is also extensively used
for atmospheric monitoring afther different speciesuch as S@ NO, NG, 10*¢>!

etc

1.5.1.7 Cavity Enhanced Spectroscopy

Cavity Enhanced spectroscopschniques are relatively new, highly sensitive,
laserbased direct absorption spectroscopy technique. Cavity ring dpaetroscopy
(CRDS) was the first cavity enhanced technique pioneeréadlbK e e f ¢ and De ac
1988to detect the atmospheric oxygen in an opercavity’>. In CRDS experiment,

the decay rate of light intensity is measured instead of measuritigtisenitted light
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intensity in conventional spectroscopy techniques. In CRID& is trapped inside a
high finesse optical cavity anlabth thecw-laser andoulsed laser can be used as a
source of light.The basic operation principle, practical implemeimia of CRDS
technique with it advantageous featureslisen demonstrated in the next chapter.

Cavity enhanced absorption spectroscd@¥EAS) is an another cavity enhanced
technique in which laser light is injected into the cavity slightly in anawi$
alignment so theavity behaves like a mulfiass cell and supports a near continuum
of frequencie¥. Thefrequency of the lasés sweptovera smallspectrarangeat fast
repetitionrate, allowsaccumulation of several spectra in a short time whictuin

improves the signal to noise ratiad thus detection limit.

The high sensitivity of the cavity enhance techngjumakethem attractive for
development of optical sensofor trace gas analysis. Moreoyahe compact
instrumentation, good temporal resolution and direct quantitative measurement of the
absorber concentration facilitates the oséhe techniques in real time monitoring of
trace molecular species in atmosphere and exhaled human breathla3&deased
CRDS or CEAS techniques apepularbecause of théow cost of the laser sources

and therefore have found extensive applicationsifositu measurements of the
atmospheric trace constituent. However the availability of new generation external
cavity quantum cascade lasefSC-QCLs) coupled with high resolution cavity
enhance techniques ogaup anewdirection in atmospheric and biomedical research.

In the present thesisve demonstrated the applicability BC-QCL andDFB laser
based cavity dmanced systeras a next generation diagnogtol in modern medical
science and simultaneously the system may be employed for real time monitoring of
trace species in the atmosphere. Furthermsuweh high resoition system can be
employed for fundamentaholecular spectroscopic studies. In this -sebtion the

novel features of the cavity enhance spexciopyin different applicationfiavebeen
highlighted

In 1991 Gustafssoret alfirst reported the presence of endogenous nitric oxide (NO)
in exhaled breath of humans and arlsifa The American Thoracic Society
recommends that an NO detection system has a sensitivity of dnpptesponse time
<0.5 $°°° Nelsonet al®’ reportedthe measurement of NO in air with a detection
limit <1 ppb using a thermoelectrically cooled pulsed QCL operating at |5126
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coupled with a multpass cellKosterevet al*®

reported the measurement of NO in

using a QEDFB laser operating at 5,2 mand single ringdown event sensitivity to
absorption of 2.2xI®cm™* wasachievedRaoet al*® demonstrated detection of NO
inzeroarusing a tunable QCL operating at 6 1
spectrometeand sensitivityof 1.2 ppb has beereportedWanget al®® reported the

detection of agtone in exhaled breatlsing a singlenode Qs wi t ch Nd: YAG 1 a
~266 nm) based cavity ringown sgctrometer and a range of 0.80 to 3ppmv of

acetone have been measuredTigpe 1 DiabetesT{1D) subjects which is higher than

the mean acetoneoncentration 0f0.49 ppmv in nofdiabetic healthysubjects.

Employing the same technique Corrosieh al®* reported the isotope selective
measurement of breath GQCO,/*?CO,) using aDF B 1 a sl6 p myith a ~
precessi oReceotly NJO gas %nalysétr (capable of measuring on,®

isotopes and concentration in atmosphere) working on CRDS principle is
commercially available which exhikit precession of 0% for in situ measurement

of N;O isotopesn atmosphericample. Parkst al®® demonstrate the detection of

N2O in atmosphere using reear infrared external cavity diode lasBiiR-ECDL, A
~1525pm) coupled with ¢ avandasglimtingsensitditolvn s p e
mixing ratio of 23ppm afl atm pressure was reportédThe sameaesearchgroup
demonstratedhe detection of hydrocarborsuch asethylene and ethane with a

limiting sensitivityo f mi xi ng r at i o pb respectively usipgptihe a n d
CRDS techniquePradharet al® reported the mixing a t i &, of 18 Hpb and

3.87 ppb in outdoor and dimor air sample respectivelysing a NIR Laser bade

|.66

cavity ring down spectrometeFawcettet al.” reported the detection of GHn

ambi ent zaovertonevbana and a detection limit of ~ 52 ppb was achieved

which low enough to monitor tropospheric £kaverage mixing ratio~1.7 ppm)

|.67

Brown et al®’ reported the in situ measurement atimosphericNO; by CRD

spectrometer coupled with a pulsed dye lafenarrow bandwidth. Simultaneously
Simpsonet al®

using a diodé a s e662 njbased CRDS systeportablecw-CRDS instrument

described the monitoring di,05 with a detection limit of 2.4 ppt

employing a diode laser inwai s i bl e r a n gwas ysed to~measuredthen m)

atmospheric N@in an urban environmemnith an estimateddetection limit of100

ppt®.
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Broadband cavity ringdown spectroscopy (BECRDS) is an alternative to cavity
enhance spectroscopy method that has been used to monitor aticosighé?. In
BB-CRDS a broadband light source is used to excite an optical cavity and the entire
spectrum is recordedn a broadbanaharge couple device (CCD). A broadband
Nd:YAG pumped dye laser coupled with a BHERDS instrument was used to monitor

I, 10,, NO; and NOs in North Atlantic Marine Boundary Layer Experiment
(NAMBLEX) in 2002 and the detection limits betweet2Q pptv have been reported
with integration time of 108 to 10 mid’. Compactlight emitting diods (LEDs)

based BBCRDS instrumenhasbeen used for measurement of atmospherig MO

the laboratory and a detection limit of 100ppt with 60fegration time was

reported?.

Optical cavityfeedbackCRDS (OF-CRDS)is an alternative to CRD8nd also has
potential for monitoring the traceolecubr specie$. Light from a cw laser is
injected to the cavity and coupled into a fixed length cavity by chirping the laser until
the laser frequency matches with the cavity mode. As soon asvirapping
between tklaser frequecy and the cavity mode aag a feedback is sent to the laser

to fix it frequency and intensity is build up inside the cavity. At the end of the current
pulse the laser is extinguished and exponential detdigtd inside the cavity is
recorded by an optical detectorhe OFCRDS technique provides the high temporal
resolution due to the repetition rate at which the laser frequency may be chirped. The
technique has been employed for sensin@ldf and HF and the baseline noise level
equivalent to 2.5xIhcm* withaing-d o wn t i me of 14 ,Butlerktas be e
al.” demonstrated OERDS measurement sfngle aerosol particles in atmosphere
empl oying a NEFRR. &MSodge laser A

Off-axis CEAS has the similar sensitivity to €@RDS and provide rapid
measurement focertain trace species in exhaled breath. Silval > demonstrated the
off-axis CEASmeasurement of NO concentration in exhaled breath using@@®C
at52um wi t h de t ®ppb witbimtheliniegndtian timefof 4 segsing the

same techniqueand the same light sourcklcCurdy et al’® demonstrated the
measurement of NO in exhaled breath and the detection limit of 400 ppt has been
reported. Miller et al’’ reported detection limit of 150 ppb of HCHGsing a
intetband laset %3 . 5 3 goupled wih OA-CEAS system. Parameswaranal’®

reported the measurement of ethane in exhaled breath usingIR migrband laser
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with detection limit of 0.120pb. Exploiting the same technique the isotope selective
measurement ofC/A*C and*®0/*°0 isotoperatiosin exhaled breath CChave been
performedwith precession of 0.02 a n d, redpéetively’. Baeret al®® reported the
measurement of concentration of numerous trace gases (Such as £€¢)dH the
ambient urbaratmosphere using theff-axis CEAStechniqueand detection limit of

~1 ppb in 1 sec 1int e gMeasurenoent oftdiute &dHaadt A
CyH, have been performed with @etion limits of 2 and 0.3 ppbwespectively
empl oying a NIRlIdidHepthaser at A ~

Although thesescauty enhancestechniques provide excellent sensitivity for
guantitative detection of concentrationsti@ce molecular species, their applicasion
arelimited due to unavailability of widely tunable laser. But the recent development
of mid-IR widely tunablecontinuous wave externahvity quantum cascade laser
with mode-hop-free (MHF) tuning feature®pens up anew frontier area of research

for development of novel gas serstwr ddect avariety of molecules by probing their
fundamental revibrational absgstion lines Certain cavity enhance absorption
techniques employing actively locked cavities, particularly Ngis@mune Cavity
Enhanced Optical Heterodyne Molecular Spectroscopy (NDEBMS)®? have
exhibit significant better sensitivitthan NIR cw CRDS. However the considerable
technical difficultiesto maintain a lock between diode laser and Highssecavity
hinder their use as a particular optical sensor. Nevertheless, all these developments
havesuggested thprogressn research ofiext generatiomptical sensotechnology

for monitoringthe trace components in exhaled breath as well as in atmosphere.

1.5.2 Non - spectroscopic detection methods

Monitoring of trace constituestin atmospheric sample or exhaled breath
which do not rely on the spectroscomtscrimination for selectivity, either gas
chromatographic (GC) separation mass spectrometry commonly use to distinguish
between the species and then different analytical detectors are exploited for
subsequent detectiomn this section we have discused about GC separatioand
detection in which sample pmncentration is used to enhance the concentratio
the trace species prior to GC separaton that leads to achieve sensitivities below
the atmospheric mixing ratios of trace gas species. Fjnvadl have discussedbout

themass spectroscopy (MS) technique for monitoring the trace species.
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1.5.2.1 Gas chromatographic separation and detection

The processes involved in GC separation and detection may be divided in four
stages: sample acquisition, prepEma and injection, separatioand detection.
Analysis of trace molecules may be performather in situ or post acquisition,
depending on the stability of species of inter@ststacquisitiongenerally involves
collection of the sample in a teflmoated containers or Tedlar bags for analysis in the
laboratory in later date. This netd is suitable for the species which areeactive
whereasn situanalysis is recommended for the unstable mddscsuch as PAN. The
sample acquisition method alsavolve passing of gas sample through a trap
containing the selective absorbent material, such ttieatmolecules of interest are
retained in the trap whilst the remaining species in the samplgoawed into vent.
The trap then heated to deisthe retairmolecules and analysed in the laboratory.

The moleculeshose arepresent in relatively higher concentrason the atmosphere
(such as Ckh), the direct injection into GC column gives ithetection limit below the
atmospheric concentration. But for theabysis of the trace species in the atmosphere,
sample preconcentration is necessary before G€paration A large volume of
sample is passed through absarbent trapwhich retains a small fraction of the
molecules in the original sample. The moleculesntthermally desorbed from the
trap and a small volume of the carrier gas is used to transfer them directly i@®G the
column. Subsequentlyhe species are separated depending on their affmitthe
stationary phase of the column and detected bguitable detectoA chromatogram

is obtained and the area under the each pssaéciatedvith the concentratioof the

individual species.

Water removing is necessary before passing the sample through the absorbent trap,
particularly if the trap is maintiaed at subambient temperatureCondensation of

water onto the absorbant reduces the trapping capacity and the formation of ice may
cause the blockage. Water may also affect some GC columns and detection system.
Water removalis commonly doneby using a Nafion dryer, in which a sample is
passed along a tube with a counter flow of dry gas, separated by a menteatasne
permeable to highly polar water molecules. A sharp concentration gradient promotes

osmosis of the water from the sample tp gas.
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The concentration of the trace species eluting from a GC column is measured by the
various commercially available detectors. Flame ionisation detector (El&gtron
capture detectors (ECD) etc. are attached with a GC column and widely used for the
detection purposes. A comprehensive description of these detectors may be found in
different literature®*®%. In brief, FID is generally used for detection of hydrocarbons
(HC) because of its simplicity, high sensitivity and good linear response acrids a w
range of concentrati8i®®. The ECD is highly sensitive to electrophilic compounds
such as halocarbons amdmain inactive to HE®"®® However all the detector
mentioned here require careful calibration for precise analytical measurement which
is usually done by standard gas sample. After successful calibration the system is
ready to provide the quantitative and reliable measureméitspresen fully
automated computer controlled GID/ECD instruments are commercially available

and extensively used momedical ané&tmospheric research.

1.5.2.2 Mass spectrometry

Mass spectroscopy is based on ionisation of the molecule and subjected them
to anelectromagnetic fieldhrough which ions with different mass/charge (m/z) ratio
follow different trajectories and thus they aeparatedSubsequentlythe ions are
detected by a detector anday be identified individually. The ions are formed
through hidnly energetic processasich as electron impact and fragmentation occurs
which provide the mass spectrum of the sample. Howeétvés more difficult to
identify and quantify of thendividual speces using the mass spectrum. Hertbe
GC separation is guired to achieve the selectivity in the measuremBaot. GC
separation sometime limits temporal resolution, makingME&Cnot suitable for real

time sample analysis.

Chemical ionisation mass spectrometry (CIMS) is another technique which may be
used to aviml GC separation. In CIMS technigube high energetic electron impact is
prevented and thgas sample is ionised lazhargetransfer reactiomechanisnwhich

is less energetic. As a resuhe ions areelatively stableand tend not to fragment
beforedetection.The reagent ions are generated by electron attachonezlectron
impact ionisation before reaction withe sample gas, and the generated ions are
usually mass selected using a quadruple mass spectrdreédes detectionA wide
variety of reagent gases are used in CIMS for ionisation of the sample molecules
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including methane, ammonia and isobufariehe technique ialso used for detection

of ethano| acetone and isopereie exhaled breath. Moreover, it has been used for
detection of tracatmospheric species includidO, and RQ via reaction of NO and

SO, and isoperene whereas the VOCS are detected via reaction with benzene

cationg™.

Proton transfer mass spectrometry (PRS$) is an alternative o€IMS in which

HsO" ions are used to protonated the VOTBe reagent ion i.¢4;0" are generated

by ionisation of water vapour using gas glow discharge saritequently passing
through adrift tube which is flushed with a gas sample such as air. Ti@& H
exclusively protonte the VOCs as they have higher affinity than water and the
reaction withotherthe inert species (e.g. NO,, Ar and CQ) do not occur as they

have lower proton affinities to watefince proton transfer is a ndissociative
process, it only produces @mproduct ion corresponds to each VOEsr those
species that do dissociate, the products that are formed follow the predictable pathway

to facilitate the identification.

The rapid detection of VOCs and their quantitative measurement at very low
concentration (1100 pptv) ispossible using the equation (1)@Rthe reaction rate

constant for protonation and the reaction time is kridwn

[R]= ifﬂ]
kt|H,0* (1.62)

High sensitivities in PRAMS technique is achieved when the ratio of the product ion
signal to the density of neutral compound is high, gufficient time for reetion in

the drift tube is necessary. But the identification of ions with the same mass is still
challenging and clustering of water molecules around the product reduces the
sensitivity of the technique. Howevethe technique can be applied to numerous
applications in exhaled breath analysis and atmospheric monitoring and is a powerful

tool for detecting large numbers of VOE®.
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2.1 Introduction

sample and the intensity of the transmitted light is measuretddeyector placect

the other end of the sample cdfi.l is the length of the sample; &nd | are the

When a radiation of lighpasses through a samgpiee light is absorbed by the

intensities of input and transmitted radiatioaspectively, then according ®eer

Lamberts lawtherelation betweengland lis as folows:

wher e [ X] is t he concent r drequenay dependent h e

|
Inga—

0

=-s[X]I 2.1)

QDO

gfg>

molecular absorption crosection. Equation (2) can be revritten as

o

Qo

In =s[X]I=A (2.2)
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¢
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A is known as absbance of the molecular specwich is directly proportional to

the concentration ofhe sampleBy monitoringthe frequency dependent absorption of

the particular specieghe absorption spectrum can be obtained. All the conventional
absorption spectroscopy techniques that are discussed in the previous chapter are
based on the Bedrambets law. The traditional spectroscopy technigbas few

major limitations.The first drawbackis thelimited sensitivity which arisefrom the

0

need tomeasure thesmall changein light intensity i.e.dl = , against a

0
relatively large backgund level of transmittedight. Another drawbackis the
overlappingspectral features of different molecular species in a very narrow &lpectr
window. This restricts the use ofconventional spectroscopy in high selution
spectroscopy studiesTo overcomethe existing drawbacksf the traditional
techniques different alternative techniques have been proposech as photo
acoustic spectroscopyPAS), laser induced fluorescence (LIFRnd resonance
enhanced muHphoton ionisation (REMPI) to improve the nsdivity of the
measuremest On theother hand long path absorption techniques, modulation in
wavelength or frequencslso offer alternative strategies to enhance the sensitivity.
However, the experimental complexity, difficultiesin data extraction and
measurement of the absolute concentration of the salinpletheir use in many
cases.Over the past two decades, there has been extensive resmaroptical
resonator systerwhich demonstrates the use of stable optazlity, enhancingthe
sensitivityin the measurement procedure and can be comparable with stesityi
LIF and REMPI methodsThe substantial improvement in sensitivity is mainly due to
multiple reflectionsof light within a high-finesseoptical cavity comprised of twaltra
-high reflectivity mirrors. Thdight is trappednside the cavity for few tens ofiicro-
secondsy( } resuling the enhancement i@bsorbanceThusthe sensitivity improves
few orders of magnitude ovehe conventionalabsorption techniquedn 1988,
O’ Ke e f e acom dirst idikoduced such optical cavityased absorption
spectroscopy technique measure a very weak abpstion band of molecular oxygen
and after their pioneering work the technique so calle¢avity ringdown
spectroscopyYCRDS)has foundvery popular It is ahigh sensitive, laser based direct
absorption measurement technique which lsasvide range of applicatiors in
molecular spectroscopy and kinetics studi&S. CRDS has also been used to study

the chemistry of liquid8, thin-flims'?, surface& and solid$®. The techniqueanalso
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be applied to probe the species in harskiemment such as in plasma torces
flamed>'®, discharge¥ and in supersonic molecular be¥miThe research arei

which the application of CRDS has proven particuladiuable is that ultraersitive

trace gas sensing in biedical sciencd® and atmospheric chemistiy% The
development of the CRDS sensming thecontinuous wavecy) laser operating in

the midIR (MIR) or neafIR (NIR) spetral regionoffers the possibility of developing
compact, lightweightand high sensitive sensor for monitoring the trace species in
exhaled human breath and atmospheric samples. The principal advantages of the
CRDS tehnique over the high sensitive LIF and REMPI methods are as follows:

U The CRDS techniqgue is insensitive to steshot power fluctuatiorof the
incidentlaserbeam because the measurement is done in time domain.

U In CRDS experimentthe light inside the cavity traveisa long effective
absorption path length by means of multipdélections. Thus enhaimg the
sensitivity of the technique.

U The technique offers the sensitivity upto®1® 10'° cm™. This in turns
demonstratethe drect, high resolutiontemporal and spatiaheasurement of
absorption othe trace species from parts per billion by volume (ppbv) down
to parts per trillion by volume (pptv) levels.

U Since CRDS is a direct absorption measurement techniglees not reqguoe
calibration with secondary standard gas.

U It is a general technique for detection of gas phase atomakeculesand

radicals.

In this chapter wewill discuss about the basic principle of operation and practical
design ofring down cavity (RDC) with fundamentals of sensitivity limits of tve

CRDS apparatus wused in this thesis. Fina
analysiswhich demonstrates the stability of the optical cavity

2.2 Principle of CRDS operation

The bag principal of operation of cavity ringown spectroscopy is depicted
in figure 2.1. In this techniquehe laser light is injded along the central axis af
high finesse optical cavity comprised of thigh reflectivity mirrors with reflectivity
(R)>9998%. The optical cavity is used as the sample cell in the-dmgn

experiment
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T
*
sample in || | sample out =
)
=
- » Optical Cavity »Dezc tor g
Laser Mirror b Mirror =1 T\Tp
R>99.98% R>99.98% . >
Pressure Gauge Time

Figure 2.1 Shows the principle of cavity ringown spectroscopy technique

A fraction of laser light that is successfully coupled into the catiffersback aml
forth reflections inside the optical cavityith a tiny amount oflaser light being
transmitted through the mirrors upon eaeftection The transmission through one of
the mirrorsis measured by a fasésporse photedetector which measures the decay
of light intensity with time andan be describealks follows:

In absence of any absorber or any loss mechanism praeetime dependenad the

exponential decay of light intensity from an optical cavity ¢mn expressed by
equatiofd®

2.1)

Where ¢, = S (1 R) (2.2)

herel is the length of theavity, R is theeflectivity of the mirror and is the speed of
t he 1 i glsthetimH requi forthe intensity exiting from the cavitg decay
1/e times of the initial light intensityis called the empty cavity ringown time
(RDT). The reciprocal of RDT is defined as decay (&ggfollows the relation

1
Ko A (2.3

As an examplean optical cavity of length 50 cm comprised of two higHleetivity

mirrors with R=0.9999exhibits the empty cavity rind o wn ¢il e @Idthe s
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light trapped inside the cavity travessan effective optical pathlength5-km in this

time.

In presenceof an absorber inside the optical cayittye decay become fastend in
accordance with Bedrambertlaw output intensity exiting from the cavity can be
expressed 8%

g— C(ll R)t+(ard )ﬂgetlfg’j
e cl=

1(t)=1,e 2.4

d

wheret = [m] (2.5)

Hered is the length of the sampieside thecavity o« is the absorptio
the sample. a 1 s thé ¢oncentratian {[X]qf thesample andhe n a 1 t ¢

relationis as follows:
a :s[X] (2.6)

where c is t he wa v el e n g-seletiond AllpteetCRRSn t abs
experiments performed in this thesis are based =i which implies the sample fills

the whole RDC. From equatid2.3) and (2.5) it can be stated that RDT depends on

the length of the cavity and reflectivity of the mirtbus it is independent on laser

intensity fluctuation

During the experimentt  a made recorded as a function of laser frequeaoy
absorption spectrum of the sample is obtained by tuning the laser frequency into
resonance with the absaoign feature of the gas samplsing equation (2.2) and

25 o can be evaluated as follows:

== 2.7)

wher ek zkok:%:ti the changén ring-down decay rate coefficient in presence
0

of the sample i1inside the cavity. A plot

wavenumber) gives the absorption spectrum of the sartipllee absorption cross
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section of the particular molecular speis known at particular wavelength, then

the concentration of the sample can be estimated easily by measuring the changes in
theRDT orring-down decay raten presence and absence of the saniitereforein

the CRDS experimerthe direct and quantitave determination of concentration of

the sample is possible without need for secondary calibration.

2.3 Sensitivity of CRDS experiment

CRDS is a highly sensitive technigared the imiting sensitivity of the cavity
ring-down spectrometer can be defined tae minimum value of the absorption
coefficient omin that can be measured by the spectrometer. ddnisbe determined

from the equation (2.7):

_ Dk _ V-Vt _t,-t (2.8)
C C ctot

a

In the 1ow abs opand iheraiore equationn{2.9) can be -used to
determine the limiting sensitivity of the spectrometer

Df,. 1 8&Dpt . 0
A nin = 2 @ 8 (29)
Cto Cl‘o g tO =

where Atnyin is the minimumdetectable change in the cavity Adgwn time and

apt .., @ , o .
éﬁ—t:'”g corresponds to the relative error in Aidgo wn t i me (1) measu

practice al ar ge numb e r -dgwh meafu@ments de used to gletermine

apt . @ L : :
the vale of gt—m'”g. The sensitivityof the spectrometer can be improved in two
¢ ‘o =

ways, ather by increasing the reflectivity of the mirror or by incregsihe cavity

length. Moreover, good mechanical stability of the cavity and reduction of the noise

: : . I ;D) S ¢ .
in the electrical signal ensure the minimisation @?t—m"‘g value which further
¢ "o =

improves the sensitivity of the spectrometer. In CRDS expetiméren scanning
across the absorption line of a medecul a:
108-10° cm® can be achievednd the minimim detection limit for the particular

molecul ar species can be 0 hint valienby dhe di r e ¢
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wavelength dependent peak absorption esegdion. Thus the minimum detection

limit for a particular analyte in CRD experiment can be expressed as

[X] i = Emin (2.10)
S/
The sensitivity of the spectrometer can often be siategfms of detection limit. This
is definal as the minimum concentration that cande¢ectedoy aspectrometer and

can be presented by the equation (2.11)

1 bt
Ctys ¢, (2.11)

[x]min =

Thus larger is the absorption cressction, lower is the detection limit of the
spectrometer fothe detection of the particular molecular species. The detection limit
can also beexpressed as in terms of a mixing ratio i.e.in ppbv (parts per billion by
volume) in pptv (parts per billion by volume) at 1 atmosphere preséuie. In that
case the air broadening coefficielnds to be taken intaccount to estimate the

minimum detection limit of the sample.

As an alternative to the detection limit of the spectromeber sensitivity of the
spectrometer can also be sthth terms of noiseequivalent absorption (NEA)

coefficient and can be expressetfas

(2.12)

where f_is the data collectionate in unit of Hz. NEA indicates the smallest

absorption coefficient that can be distinguished from empty cavity losses durisg a 1

measurement interval, with & tertainty, provided that the data collection ratg ()

: . : .. apr, 0
is large enougho determine adequately the relatistandard deviatiogg—"™"§. The

t
¢ Lo
values of NEA in CRDS experiments typically vamgtween 16-10* cm*Hz /22324,
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2.4 Cavity modes

In the previous section 2il was assumed thdhe lase light coupled to the
optical cavity without considering thiength of the cavity and frequency of the laser.
But in actual experimental conditiptihe cavity length and the frequency of the laser
haveto be taken int@ccountfor generation of stable cavityodes.The highfinesse
optical cavity behavesike a FabreyPerot etalon and only the selected modes a
trangmitted The back and forthreflection of lightinside the cavity results the
formation ofthe standing wave patterns inside the cawitiyen the mirror separation
is abaut multiple integer of half wavelength of the injected lighalernatively, twice
of the separation of the cavity mirradszided by the wavelength of the laser must be
an integer for a certaitength of the cavityThe frequenciesof the radiation that
satisfy the wavelength requirementare determined by the longitudinal mode
structure of the cavityThe frequency spacing between two consecutive longitudinal
modes is described as free spectral range (FSR) of the cavity and denptidw

following equation

c

Drtege = 2

(2.13)

The free spectral range also depends on the rtimdime of the light inside the

opticd cavity. For a cavity of length 50 cm the FSR will be 300 MHz

The finesse of the optical cavity attribsito the resolving power of the cavity. The
finesse of the optical cavity is dependent on the reflectivity of the mirror and can be

expressed as

ﬂ
iy
2

(2.14)

v
Py

However, he longitudinal modes can be described by Lorantine shape function
whoseFWHM decreasewith increag in reflectivity of the mirrorThe full width at
the half maximunof the cavity modes can also be quoted in terms of finesse of the

optical cavity as follows:

(2.15)
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Therefor, the cavity modes become sharper with increase in finesse of the optical

cavity. For example, a edy of length 30 cm consisbf two high reflectivity mirros

of R=0.9999, exhib# the optical finesses 084400 andDr7,,, =9.55 KHz.

So far we have discussed about the formation of the cavity mode exgltrgin
geometric configuration of the cavityfhe design of theoptical cavity plays a
significant role for good stability of theptical cavitywhich reduces diffraction losses
and more importantly diminishes beam walk or divergence lossTo confine the

laser beam within the optical cavity for a CRDS measurement, the cavity must be
optically stable. As a resulthe stable cavity provides Iger effective pathlagth

which in turn enhances the sensitivity for measurement oflolvaconcentrationA

laser beam propagating along the central axis of the optical cavity has the@n@aus

intensity profilé® with amplitude distribution of the bears $hown in equation (2.16)

B 2 wyexp{- i[F, -F(z)]} e. k'  x* @
Y(X’y)‘YJ; w(?) % wre woy @Y

The functionw(z) gives theevaluation of the Gaussian beam inside the optical cavity,

R(z)is the radius of curvature of the wave front &z) isrelated to the phasd the
2
beam.k is the wavenumber which is equali%, where A 1s the wav

wave propagating through the cavi§ince the laser beam travesdmck and forth
reflectionalong the central aximside the symmetric cylindricalptical cavity only
the zeroth oreder transverse modes are gHNWbdes are excited and described by
equation (2.16) The Gaussian beam propagating along z #xisugh the optical
cavity, the wavdront curvature of the Gaussian beam must match with thaitwe

of the mirrors which formed theptical cavity as shown in fige 2.2 The Gaussian
beamwill have the specific beam waisti), defined as the distance from the centre to
the point wher¢he intensity of the become 1/e times of its maximum valbe.waist
diameter 2y is called the spatizeof the beam inside the cavity

However the beam radiuss minimum at the reference plane z = 0 i.e. at the beam
waist andvaries along the propagation direction z according to equation (2.17) as

describedelow.
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& »
< >

Beam waist

Rayleigh range (z,) o Rayleigh range (z,)

Figure 2.2 Schematic diagram of a Gaussian beam through anhivoor optical

wW(Z) = W, /1+él z 8 (2.1
GR~

wherezg is known asRayleigh range which is amportant parameter to characterise

resonator

j@}}

the propagation of the Gaussian beam in a stable optical cahigyRayleigh rang®&

may be defined athe distance from the beam waist that the Gaussian beam travels
before the diameter n c r eases by V2 and the beam are
equation (2.17)

2
z. = /170 (2.19

The Raylégh range also indicates thength over which the beam can propagate
without significant divegence. Close to the beam waist, the Gaussian beam is almost
parallel with a crossection equato that beam waist. Moreoven the far field (z

>>7g) the beam radius increases approximately linearly along the z axis with an
angular diver giaequatior’d2.18)and shewn in figure 2. d

/
W,

g= (2.19)
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Figure 2.3Schematic diagram of @aussian beam intensity propagating along z axis

For examplea Gaussian TEM beam passing through the cavity having the beam
waist of~0.07mma nd wa v e 5200nnm,ttHe bdam dikgence half angle will

be ~2.5 mradvhich is vey shallow. From equation (2.19) it is obvious thaher is

the beam diameter sntet is the divergence and vieersa.Furthermorein w; and

w, are the beam radii, defined as the distances from the centre at which the intensity

falls to 1/& of its peak value on the twend mirrors as shown in figure 2.2

The Rayleigh range of the pped Gaussian beam can be exgedsin terms of

“resonat or ganpgandismgivend¥f s 7, g

0,9, (1' glgz) L2

Z. =
" (0,+9,- 20,0,) (2.20)

where, g, =1- L and g, =1- L, r, and p are the radius of curvature of the two
r1 2

mirror M; and M, as shown in figre 2.2.

During the design of the cavity of small volupieis useful to know the position of

the mirrorsrelative to the beam waist and also the beam waist at the centre and the
two end mirrors to avoid the diffraction losses agise@m the edges of the mirrors

and also the spot size of the laser beam at each mirror should be less than radius of the
mirror. The relative positions of the mirrors, the beam parameters such as beam wais

beam radiw; andw; at the end mirrors are given by the following equations:
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2= 9@ | g, - G0-0) (2.21)
(gl +0,- Zglgz) (91 +0,- 29192)
Woz — i\/ 9.9, (1' 9192)2 (2.22)
P (gl t0,- glgz)

2 _ L/ g, 2 _ L/ 0,
wi=—t |92 gpgwi==l |G (2.23)
' P gl(l' glgz) ? 1Y gz(l' glgz)

From these equatignit is clear thatreal and finite solutios for the Gaussian beam
parameters can onpossible if the stability parametersand g satisfy the relation as

described in equation (2.24)
0¢ggQg,¢1 (2.24)

Figure2.4 showsthe stability diagranfior a two-mirror optical resonatoplotted as g
againstg,. The shaded regiomn the stability diagram containall two-mirror
resonators that will suppoat Gaussian beaand leads tstableperiodicfocusing of
the laser beanBut if the twemirror opticalresonator liesutside the shaded region,

then it will not support the Gaussian beand leads to unstable periodic focusing.

Confocal 1

N,
\\

v

44

Concentric

Figure 2.4 A stability diagram for a two mirror optical resonator system
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However, in CRDS expenents two identical mirrors (R R, =R and t=r,=r) are

used and the geometry of the cavity can be described by a point on thbaline
connect the points A, O and B with a straight line of slopea#§le with respect to

the either axes of the graph. The points A, O and B demonstrate the three different
cavity geometries. At point A= @ =~ -1 andR; = R, = L/2 which indicate the
concentric configuration of the optical cavity with large spot sineeach of the
mirrors with small beam waist. These types of cavities are not suitable in CRDS
experiment. At point B, & & = landRR o which indicate
configuration of the optical cavity witkarge spot size on each of the mirrors and
large beam waist. This type of configuration is also not suitable for CRDS
experiments. Furthermgrboth A and B lie on the limits afavity stability restricted

the use of concentr and planner cavity in the experiments with stable optical
resonatorsAt point O, g= g~ 0 a3 B =R which indicatethe confocal
configuration of the cavity that lies in the central point of the stability diagram. It

provides the smallest beam waist withiadue at the centre of the cavity:

W, = /L (2.25)
20
and at the mirrors,
W, = w, =/2w, (2.26)

In symmetric confocal configuration, the two mirrors focus the beam to the centre of
the resonator and the mirrors are separated by Rayleigh range which diminishes the
diffraction losses and the cavity become extremelplet It is thereforgnsensitive to

slight misalignment of either mirror. The CRDS experiments presented in this thesis
were carried out using cavity geometries located at the middle point of Oaitid &

~0.5

The frequency of the stable cavity modes can be desdiijp#te g parameters of the
optical cavity as shown in equatfof’ (2.27)

A~ =1
c€ cos g
n :Eé]"‘(n"'m"'l)—glgz u

é p v

(2.27)
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where n,l, m are the integers used to index the mspdeis used to describe the
longitudinal mode, antdand m are used to describe the transverse mode structure. For
the lowest order transverse mdeem = Oand the mode is termed as Tk/\node.

The TEMy, mode is only excited if the lighs injected into the cavity along its central
axis.| and m greaterhtan 1corresponds ttigher order transverse modand those
mode will begenerated ifight enters slightly offaxis into the cavity These higher
order modesassociated with different cavity losses because of unevenness of the
mirror coatingsor differert diffraction losses. As a resuthe cavity ringdown time

may be different with large variation in ristpwn decay rate for measurement of

fixed concentration and hence an artificiddyge ge[;—[8value.
c -

2.5 Mode matching

As described inprecedingsection, the optimum performance of a CRD
spectrometer can be achieved fogper design and careful alignment of the optical
cavity. If the cavity is poorly designed, the FSR of the cavity might exceed the width
of the absorption spectrum to dedied. In that casehe light frequency corresponds
to the absorption feature of interest may not be injected into the cavity and this feature
will be absent from the resultant absorption specifusimilarly, the laser bandwidth
is also an essential aneter for trapping of laser light into the cavity the
bandwidth of the laser is narrower than the FSR, the light will not be coupled into the

cavity at all laser frequency as shown irufig 2.5

In pulsed CRDS experiment, the bandwidth of the lasdypically in order of 500

MHz or moreand using of cavity length of ~+h ensure that mode spacifffSR~150
MHz) is smaller than the bandwidth of the lasad hence the light can be coupled
very easily into the optical cavftyy Howeverjn cw CRDS expernent, the bandwidth

of the laser (e.g. diode lasers have the bandwidtiviH2) is significantly narrower

than the FSRTherefore an extra arrangement is required to ensure overlap of the
laser and cavity mode frequencies. This can be donevera waysduring the

|30

absorption measuremeringeln et al”™ demonstrated the changed in the cavity

lengthby mechanical vibrations result the accidental coincidences of the cavity mode
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Pulsed
Cavity Laser
m(ides
£
21
Frequency —
cw laser

Figure 2.5 A schematic diagram of linewidth of pulsed and cw lasé@th cavity

moce spacing

with laser frequency. Whereas Romaniial3* reported the active modulation of
cavity length in a more uniform way usiagpizeceelectric trasducerattached to one
of the cavity mirrormount Figure 2.6shows the cavity transmission as a triangular
signal is applied to a PZT mirror moutat sweep the cavity length over one FSR of

the cavity

"1

TEM,, mode

PZT Voltage

Figure 2.6 Top: Inverted TEMo mode intensity measureflom the outputof a
scanning cavityBottom: The triangilar voltage applied to the PZT for scanning of

the cavity over one FSR

61



Chapter2

At certain voltages, or the cavity lengths, the cavity mode comes into resonance with
the laser frequency and the light is coupled into the cavity, as shown by spikes in the
output inensity. In both of thelescribed method cavity length is modulated so¢ tha
the cavity mode structure comes into resonance regardless lasénerequency. In

this case, spectral resolution is limited by the bandwidth of the laser. Alternatively,
the laser frequency can be modulated to ensuerlap with a particular longitudinal
cavity modé& In this case the resolution is limited by th®FFof the cavity and the
technique is suitable for measurement of broadband absorber.

2.6 Continuous wave cavity ring-down spectroscopy
(cw-CRDS)

Once the light is successfulbpupledinto the optical cavitythe light has to
be switched off to allow the irdgcavity light to decay in intensity and the rdgwn
decay to be observed. The decay will follow a first order exponential decay if the
cavity is well aligned with the laser both frequency and spatially matched to one
transverse mode. In pulsed CRDS swament the offperiod between the pulses
allows the intracavity light to decay and no further light can be injected into the
cavity. But incw-CRDS a fast optical switch such as an acousto optic modulator
(AOM) connected with a trigger circuit is ustxlinitiate the decay of lightWhen the
light intensity in the cavityreaches a preelectedthresholdlevel on a trigger
generator, a trigger is sent to the AOM to switchtb# light, allowing intracavity
light to decay. This is deped in figure2.7. Thoughthere are many complexities
associated withcw-CRDS technique, several advantageous features made this
approachvery popular for trace gas analysis, when compared with pulsed CRDS
technique. As stated earlier, narrow bandwidth of thdaser enales to record the
spectra at higher resolution. This can alsp to enhance the sensitiviof the
techniqueas the laser can be tuned to the wavelength of the maximum absorption in
spectral features anthe resulting spectra are not the convolutiohinstrumental
bandwidth function.The bandwidth of the pulsed laser being comparable with the
linewidth of the absorption spectral featydeads to multexponential decay in ring
down signal which in turprovide the inaccurate measurement of absorptiche
targeted molecular specfésThe problem can be resolved easifyusng acw-laser

as a light sourcdzurthermore, ircw-CRDS the light intensity or the energy is build
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up inside the cavity as the cavity mode iseaonance with the laser frequendyich

is primarily done by length modulation of the cavify.

— Cavity input extinguished

el
>

Cayvity ring-down occurs

Intensity
build up

Cavity output/ arb. units

v

Time/ arb. units

Figure 2.7 A CRD trace shows thkuild-up of intra cavity light intensity At the
threshold voltage AOM extinguishes the laser light H&intra cavity lightdecays

exponentially with time.

Thusmore slowly scanning of the cavity, greater the build of light intensity occurs.
As a result the detector receives higher light intensiiesl subsequently
improvement in signal to noise ratio is observ@tie use ofcw diode laser is
beneficialbeause oflow cost, compactness, low power consumptiaser friendly
and cryogerfree coolingoperation,suggest the potential for use in figfstruments

stationed at remote locatidor analysis of trace molecular specres

The potential drawback of the diode lasers is the narrow tuning. The distributed
feedback(DFB) lasers operate overtaning range of 2 nm. The external cavity
diode laser (ECDLpperates over a tuning range of 50 nm which restricted their use
for monitaing the trace molecular species in exhaled human breath or in atmospheric
samples. Nova-days the use ofcw externalcavity quantum cascade lasew-EC-

QCL) removes the barrisr It offers wide tunibility with modéop-free tuning
feature, extremely nesw linewidth, cryogen free coolinggnd roomtemperature
operation Thus itbecomewery popular and widely used in trace gas sensing as well

as in fundamentaiolecularspectroscopic studie$n the present thesis waqrkve
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have investigated the perfornan of an EC-QCL based cavity ringlown
spectrometer for ultrasensitive detection of trace molecular species in exhaled human
breath and atmospheric sampled subsequently utilized the spectrometer for-high
resolution fundamental molecular spectroscopyliss.

2.7 Allan variance analysis

Allan Variance analysis is a traditional method to determine the optimum
integration time period for a particular resonator system. It is named after David W.
Allan and utilized to determine the stability of the optical cavity. ihmgrovement in
detection limit forany spectroscopic system depends on the stability ospeatific
system. Thus longer is the stability of the system, higher is optimum integtiat®n
which in turn maximizeshe signal to noise ratio for that particular systerm the
present thesjghe Allan variance analysis was performed to characterize the overall
stability of the developed milR EC-QCL based CRDSsystem andhas been
discussed insection 3.2.3 in detailsThe Allan varianceis evaluated using the

equation(2.28), where Aand A are the averages of adjacent time series of data
2 _ 1 2
sa=5 (A A) (2.28)

An Allan plot is a loglog plot of sA2 against the number of data points averaged to

calculate A and A. From the platthe optimal integration time of the CRDS system

can be estimatedAs the integration period increased, the Allan variance should
decrease so long as increased signal averaging leads to a reduction in the noise level.
The sensitivity of the system usuallgcrease withmore signal averagingnd
enhancement in sensitivity occurs urgime long term instabilities such as drift in
alignment, laser powarome into effect and cause the Allan variance to either remain
constant or increaselhus the longer averagyy of the ringdown decay signals
beyond such longerm instabilities would not provide a better precession for the

measurement of the targeted absorption spectral line.

The Allanvariance can be written asimmation ofdifferent nose sources which are

encounteredn most CRDS system
2 _ .
Sa (X) = thitmoise(j/x) +Cy¢ + A Conea X (2.29)
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where & is t h .e Thei noige ecgntributionso aome t frorfreguency
independentrandom transient fluctuations known as white noise and frequency
dependenti/f and1/f ( @ > 1) n o finoise.is affchcallediflicker or pink noise
and1/f* noise is dominate in V@ frequencies and related to the drifting of flystem,
whereasthe intermediate1/f noise exhibits a balance betweesndom ness and
correlation at all time scale. In CRDS experimetiite primary contribution of

different noises inime domain is shown indble 2.1

Table 2.1Allan variance as a function of integrationme ¢ f or di fferent
noise density

Noise Type Spectral noise density [S(f)] Allan variance §,°)
White {0 o
1K fl constant
Drift f? o &
Drift (Linear) f 0 *¢

To determine the stability of the CRDS systdéhe Allan variance analysis may be
performed on different parameters sua$ ring-down decay signal, output laser
intensity, the laser temperature or the current and the estimated concentration values
from the calibrated setup. There are three majorasectf the plot. At the initial part

the Allan variance decreases with incragsintegration timesuggeshg increasing

signal averaging leads tberediction in noise level anthe gradient of thdine best

fitted to -1which corresponds to white nose source. In the second part the Allan
variance remains constant and governed by 1/f noise. FEinallgn variance
increases with increase in integration time and shifredn 1/f noise to drift
dominated region and the gradient of the line best fttield The drifting may be due

to mechanical vibration that results the change in optical alignment, change in laser

temperature/ current eté

2.8 Conclusions

In this chapterwe have demonstied the basic operation printgpof cw-
CRDS system and discussdabat the sensitivity of the spectrometer for analysis of
trace molecular species. We have also discussed about the different stability

parameters thathould betaken into account to construct a stable optical resonator
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system which in turn improve the s#ivity of the system and hence the detection
limit. Furthermore, we demonstrated the advantageous features of tRD®
technique over the pulsed CRDS systesmnsl discussed about the Allan variance
analysis to describe the stability of the-CRDS systm. In this thesis we have
demonstrated thadvantags of acw-EC-QCL basedhigh resolutiorcavity ring down
spedrometerin trace gas sensiras well as irhigh resolution molecular spectroscopy

experimeng thathave been describél the subsequent chapters in detalil

66



Chapter2

2.9 References

10.

11

12

13.

14.

15.

16.

17.

18.

109.

20.

A . O’ Keef e an dReb.SciMstrunil988,m9e2544.0 n ,

M. D. Wheeler, A. J. OrEwing and M. N. R. Ashfold]. Chem. Phys1997,
107, 7591.

M. D. Wheeler, S. M. Newman and A. J. éawing,J. Chem. Phys1998,108
6594.

W. H. Howie, I. C. Lane and S. M. Newmahal, Phys. ChemChem. Phys
1999, 3079.

W. H. Howie, I. C. Lane and A. J. GEwing,J. Chem. Phys2000,113 7237.
A. Teslja, B. Nizamov and P. J. Dagdigidn Phys. Chem..A2004,108 4433.

S. J. Greaves, E. L. Flynn, E. L. Futckesal, J. PhysChem. A 2006,110,
2114.

D. B. Atkinson, J. W. Hudgens, A. J. €&wing,J. Chem. Phys1999,103
6173.

A. J. Hallock, E. S. F. Berman, R. N. ZaleAm. Chem. Sq2003,125 1158.
S. Xu, C. Sha and. Xie,Rev. Sci. Instrup2002,73, 255.

R. Engeln, G. Helden, A. J. A. Rajj, Chem. Phys1999,110, 2732.

A. C. Pipino, J. W. Hudgen and R. E. HURgv. Sci. Instrum1997, 68, 2978.
R. Engeln, G. Berden, E. van den Bet@l, J. Chem. Physl997,107, 4458.
G. P. Miller and C. B. Winstead,Anal, Atom. Spectros&997,12, 907.

G. Meijer, M. G. H. Boogarts, R. T. Jongraial, Chem. Phys. Lett., 1995,
217, 112.

J. J. Scherer, K. W. Aniolke, N. P. Cernansky etlalChem. Phys1997,107,
6196

D. Romaninin, L. Biennier, F. Salanedal, Chem. Phys. Lett1999,303 165.
J. B. Paul, C. P. Collier, R. J. Saykadiyal., J. Chem. Phys1995,102, 5190.
M. R. Mccurdy, Y. A. BakhirkirandF.K. Tittel, Appl. Phys. B2006,85, 445.

Y. A. Bakhirkin, A A. Kosterev and CRoller, Appl. Opt, 200443, 2257.

67



Chapter2

21

22,

23.

24,

25,

26.

27.

28.

29.

30.

3L

32

33

34.

35.

36.

37.

B. L. Fawcett, A. M. Parkes, D. E. Shallcratsal, Phys. Chem. Chem. Phys
2003,128 960.

A. M. Parkes, R. E. Lindley and A. J. GEwing, Anal. Chem 2004,76, 7329
M. I. Mazurenka, A. J. OfEwing, R. PeverallAnn. Rep. G 2005,101, 100.
R. D. Van Zee, J. T. Hodges and J. P. Looégpl. Opt, 1999,38, 3951.

A. E. Siegmanl.asers 1986 (Oxford University Press).

A. J. OrrEwing, Optics and Optical cavitie003 (Lecture notes, University of
Bristol).

H. Kogelnik and T. LiProc. IEEE 1966,54, 1312.
K. K. Lehmann and D. Romaninl, Chem. Phys1996,105, 10263.

R. E. Lindley,Development of diode laser basgmtical sensors for quantitative
trace gas analysjsPhD Thesis, University of Bristol, 2007.

R. Engeln, G. Helden, G. Berdenhal, Chem. Phys. Le{t1996,262, 105.

D. Romanini, A. A. Kachanov and F. Stoeckeéhem. Phys. Le{t1997,270
538.

A. M. Parkes, B. L. Fawcett, R. E. Ausghal, Analyst 2003,128 960.

P. Zaliki and R. N. Zare, J. Chem. Phys, 199%, 2708.

A. M. Parkes Trace detection of atmospheric gas sensing using cavity enhanced

spectroscopyPhDThesis, University of Bristol, 2004.

G. Berden, R. Peeters and G. Meijat, Rev. Phys. Chen000,19, 565.

P. Werle, R. Mucke anél. SlemrAppl. Phys. B 1993,57, 131.

M. PradhanDevelopment of diodelaser based optical sensor feontinuous

monitoring of trace gases in the atmosphétbD Thesis, University of Bristol,
2008.

68



Development of a quantum
cascade laser based cavity ring-
down spectrometer for ultra-
sensitive detection of nitrous oxide

at 5.2 mMm

Contents

1% N 1 01 1 (o Yo [ U o3 (T ] o TR TP UPRUPRUPRRRRR 69
3.2  Experimental teChNIQUE..........ccoiiiiiii e 72
3.2.1  Instrumentation SECHAN......c.oveeie e e eeennne 2

3.2.2 Determination of ringdown time and detection

[imits for the CRDS SYSIEML.......coviiiiiiiiiiiiiiiie e 74

3.2.3 Allan Variance analysis...........ccccccciiiiiiiieemiiiiiiieeeeeeeeeeeieeee e 8
3.3 Results and DiSCUSSIQIN............ceuuuuuruumimmreeeeeeeinennnaae e e e e eeemsennnnanens 79
I O o [od U1 [0 [ SRR 83
3.5 REMEIENCES... oo 85

3.1 Introduction

Nitrous oxide (NO) is one of the most important atmospheric greenhouse
gases, contributing to global warming as well as climate change. The globahgar
potential (GWP) of MO is about 300 times greater than carbon dioxide,J©&er a
100 year time horizdi. In the atmosphere, & is primarily originated from
anthropogenic sources and also strongly influenced by human activities, in particular,

the use of agricultural fertilizétd However, its mixing ratios in the troposphere are
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typically from 270 to 330 parts per billion by volume (ppbv, 1 part H*fGnd have

been measured upto ~ 2000 ppbv in areas where soils are cultivated with artificial
fertilizers’. Therefore these Wses may differ strongly because of influence of the
different anthropogenic and biogenic sources as well as depending on the level of
local pollution. NO has atmospheric lifetime of several years (~120 years) and
contributes to the ozone destruction lire stratosphefe Because of its stability and

long atmospheric lifetime, even a small change in concentration,©f Will have
long-term effects in the atmosphé&r€onsidering the environmental importance, real
time monitoring and moleculgpecific detetton of N,O in the atmosphere with high

sensitivity is of growing interest.

Laserbased higfresolution direct absorption spectroscopy and-imichred (midIR)
molecular fingerprint region are ideally suited for trace gas analysis since most of the
atmosyheric species have their strong fundamental vibrational transitions in this
spectral region, allowing highly sensitive and selective detection of trace gases. The
recent commercial availability of continuous wave (cw) exteca&ity quantum
cascade laser¢EC-QCLs) in the midlR spectral region has opened up new
possibilities for highresolution spectroscopic detection of numerous trace molecular
species in the atmosph@&ré Because of their high output powers, room temperature
operation, extremely naw linewidth, wide tunability in addition to compactness, the
cw EC-QCLs systems are gradually becoming the preferrediRigght sources for
developing newgeneration trace gas sensors in a wide range of applications,
including atmospheric and environmal monitoring, industrial process monitoring

and fundamental molecular spectroscopy.

However, to achieve the required sensitivities for -tesaé monitoring of trace
species in ppbv down to the pptv (parts per trillion by volume, one partinlagels
cavity enhanced absorption spectroscopy exploiting-firgdsse optical cavities such

as cavity ringdown spectroscopy (CRD$)® can be used in combination with the
most modern cw-EC-QCL technology. Highresolution CRDS technique has
previously beerproved to be a powerful method for trace gas detection irtineal

with ultrahigh sensitivity and specificity in a variety of environments because of its
ability to achieve a long effective optical path length (of the order of few kilometres)
in a small wlume sampling celf. In a CRDS setup, the rate of decay of the intensity

of light leaking from a higHiinesse optical cavity is measured. The fdayvn
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measurements are performed in the tooenain and thus independent of laser
intensity fluctuations. Anther salient feature of CRDS technique is that one can
obtain the number density of a molecular species in an absolute scale without the need
for secondary calibration if the line strength of the molecular transition is known. All
these features of the CEDtechnique are attractive for designing a trace gas sensor
with a high degree of sensitivity and molecular selectivity. The aim of the present
work is therefore to couple a widely tunabdev EC-QCL system to the high
resolution CRDS technique for accurated selective measurements ofCNin ppbv

levels in ambient air.

The most widely used analytical method for measuring atmosphe@x i gas
chromatography (GC) coupled with an electmapture detector (ECHY. Although

this method is welestablished for atmospheric monitoring but there are several
intrinsic drawbacks to such method based on GC separation. Firstly, the instruments
necessitate équent calibration to confirm the accuracy of the measurements using
calibration standards. Another drawback is that as the detector is not usually species
selective, therefore a careful separation of the components in the sample is required
prior to detetion. As the GC separation of a large number of compounds is a time
consuming process, thus the skarte changes in mixing ratios are very difficult to
measure using the Glased method and consequently the methodology does not
provide the reatime meaarements. To overcome these issues, recently a number of
groups have employed several labased spectroscopy techniques for the detection

of NoO levels in a variety of environments because of the wavelength dependent
molecular absorptioff although each technique has its own advantages and
drawbacks. Vargast al*® demonstrated the detection of\levels released from

soils using a pulsed distributed feedback (DEBy L oper at ing around
photoacoustispectroscopy (PAS) technique (which requires instrument calibration)

and they reported a sensitivity limit of 50 ppbv. Jalgahl'® have used a DFRCL
operating at ~7.83 um combined with quar
(QEPAS) technique fosensitive measurements ohbM at the levels of 6 ppbv.
Hamilton and OrEwing® have recently demonstrated a cw DEBL-laser based
opticalfeedbak cavity-enhanced absorption spectroscopy{OE AS) at 7. 84
the measurement of;.® in air and they reported a sensitivity limit of 8 ppbv feON

at atmospheric pressure. More recently, Valiuetal’ utilized a fiber lasebased
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intracavity absorption spectroscopy with a Herriot cell for-gpimv (parts per

million by volume, 1 part in 13 detection of NO a t 1.5 wlRspeairalt he n
region. Furthermore, Ma etl.!” demonstrated a /0 sensor based on QEPAS
technique employing a DFBCL and a minimum detection limit of 23 ppb at 100

torr pressure has been reported. Mohmle reported midinfraredquantum cascade

laser absorption spectroscopy (QCLAS) coupled with an automatexipcentration

unit for simultaneous and specific analysis of the stable isotopic specie®©ofiiN

view of the earlier studies, the detection ofONin ambient air usingraEGQCL

coupled with higkresolution cwCRDS technique is very limited.

In this chapter, we havdemonstratedthe development of ahigh-resolution cw-

CRDS method based on a widely tunable room temperat@®&Cwith modehop-

free (MHF) frequency tuningapability operating at the centre wavelength of ~ 5.2

um that allowed us to meas usisOcinatvarietyaf t mo s p
environments with high sensitivity and specificity. The ultrasensitive CRDS
measurements of atmospherigONin ppbv leels are performed in the miI&

spectral region by recording a sharp rotationally resolved R(8ejbrational

transition [(120 ) «—(C0)] ih the combination band of 9 centred at 1887.666 ¢m

a region free from overlapping absorption features of @tmospheric species

3.2 Experimental technique

3.2.1 Instrumentation section:

A schematic diagram of thexperimentalsetup is shown in figur&.1. A
widely tunable roomtemperature externahvity (EC) QCL (TLS41053, Daylight
Solutions, USA) was employed as @xcitation source for BD detection in the mid
IR spectral region. The watepoled cw EC-QCL produces radiation at a centre
wavelength near %)withZa tuping range from3l8374 cr and
a specified fine MHF tuning range of 184965 cm' which permitted the high
resolution revibronic spectroscopic measurementbie QCL emits a singimode
collimated beam with a beam waist <0.5 mm and a narrow spectral linewidth of ~
0.001 cm ! The laser provided output powers > 80 mW throughout theduminge.
Moreover, theQCL could be finguned over ~1 cmi' to acquire a rotationally
resolved absorption line of ® using the piezoelectric transducer (PZT) attached to

the tunable diffraction grating of the EC system. The collimated)EC beam was
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primarily passed through an optical isolator (Innovation Photonics;5F3C3) to

avoid back reflections from the optical cavity into the laser system and then the laser
beam focused into a fast optical switching device such as an acptistonodulator
(AOM) (IntraActionCorp; AGM406B11M) which was connected to a 40 MHz RF
driver (model: GE4020). The AOM facilitated the EXCL beam to be diffracted into

the first and zeroth order3he first order AOM output wasoupled to ringdown

cavity using two bendingnirrors (BM1 and BM2)and the zerotltorder beam was
directed to wavemeter (Bristol Instruments, 621Bjough anothetwo bending
mirrors (BM3 and BM4)for reattime monitoring of QCL wavelengths whilst a

rotationally resolved spectrum was recordéth an accuracy of + 0.001 ch

.ﬂ\ \ BM4

//”‘, BM3
Sample In
y <J Pressure SJmpIc Out

Gauge
E W OAPM

Func. ’ Digital delay MCT-Detector
Gencrator generator Pre-amplifier
e /P orp P or P
o<

AOM driver
J\ Data Acquisition

* CPU

Wavemeter

Optical Isolator 4
EC-MHF-QCL

Figure 3.1 Schematic diagram of cavity rirdpwn spectrometer sep with an
externalcavity quantum cascade laser (BZCL) at 5. 2pm as a | i g
acousteoptic modulator; PZT: piezo electric transducer; BM: bendingrror;

OAPM: oftaxis parabolic mirror; MCT Detector: MidR Thermoelectrically cooled

Mercury Cadmium Telluride (HgCdTe) phaletector

The quartzcoated ringdown cell is 50 cm long. The cavity mirrors with 1" diameter

and a radius of curvature of 1lma ve a specified reflectivi
Optics Inc.; USA) over the full tuning range of the QCL light. The QCL beam exiting

the cavity was focused by a getdated offaxis parabolic mirror (10.16 cm focal

length Newport Corporation, 50338 Alind subsequently detected by a thstsge

TE-cooled photovoltaic mercury cadmium telluride (MCT) detector (VIGO,-PVI
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3TE-6) which was optically immersed in a high refractive index, hyper hemispherical
lens. The output signal from the detector was sentidavanoise voltage preamplifier
(Stanford Research Systems, SR560) for further amplification and filtering. The
resulting ringdown signal was then recorded by a hggieed datacquisition card
(PCI 5122, National Instruments) and further processed usirmyistom written

LabVIEW program on a computer.

To achievethe laser cavitycoupling condition a triangular voltage(Vp, = 5v,
frequency = 53 Hgwas appliedn parallelto three pizeelectrictransduces (PZT,
Thorlabs PE4jhich wereattached to one dhe cavity mirrorsDuring the scanning
of the CRD cellthe laser was kept at a fixed frequency 1887 amdthe triangular
voltage facilitates the mirror to move back and fomhich in turn modulate the

length of thecavity over ondree spectral rang@SR)

When the laser frequency overlaps with one of the cavity modes, a rapid increase of
the detector signal (TEd modes) was observed. A typical set of Tighhodes
observedduring mirror oscillations when the laser lights allaved to passlirectly

along the central axis dhe cavityas shown in figure 3.2a). When the QCL light
intensity in theRDC reached a pselected threshold leyed digital delay generator
(Stanford Research systems, DG565) was utilized to extinguishfitsi-order
diffracted beam from the AOM, thus initiating an exponential decay of-oatvdy

light asa function of time (figure3.2 (b)). The exponential decay was then recorded
by a PC holding 14 bit, 168Hz bandwidth datacquisition card capablef o
collecting the data at a sampling rate of 100 MS/s (PCI 5122, National Instruments)

and analysed using custom written LabVIEW programs.

3.2.2 Determination of ring-down time and detection limits for
the CRDS system

The reciprocal o f tli&dethe ringdown decaynatet a n t
constantK) and the changes the decay constanf\(kin presence angbsence of the
analyte moleculespeciesn the cavity is directly related to the absorption coefficient,

a Ak ca where ¢ 1 s «aorcentration of ¢thd absortbing spegiést .
[ X] i s r e hJaXt]e dwhisdhes wavetength dependent absorption eross
section for a specified spectroscopic transitioa particulapressure and temperature
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of the ga sample. The minimum absorption ffmgent and hencehe minimum

detection limitof an analyte is expressed by

_iDtmin
min Cto I,O (31)
and[X],,, = Zmn (3.2)
S

/

where 1o is the empty cavityring-d o wn t i me ( R DsTthe smallest A1
detectabe change 1in 1t i n melecuwasspeciessidethé cadtyn a b s ot
Figure 33 (g shows the distribution of the rirdpwn times in empty cavity condition

at a fixed EGQCL frequency.

A @D Peak-Peak 5.00V 5. ax) 4.90V(Min)

Al

B:&W Freauency 53. 18Hz 53. 25Hz (Max) 53. 15Hz(Hin)

C: Frequency 106. 5Hz 117. 2Hz (Max) 66. 48Hz (Min)

D: Peak-Peak 384nV 478nV (Max 375n¥(Min)
Edge _& DC -2. 46Y

[ 1 1 [ [ i T 0 [
0.0 50u 10u 15u 20u 25u 30u 35u 40u 45u 50u

(b)

Figure 3.2 (a) A typical set of TEM modes under the laseravity resonance
condition at a fixed wavenumber during the scanning of the optical chyitg
triangular signal over one FSR. (b) An empty cavity RDT trace of LabVIEW front

panel.

The distribution can be fittedbbowvi ph anddiadr
A (o)t / o< £3.18x10" This indicates that the standard deviation ofiregleshot
absorption me sls9ulf’ecmt accordingsto the equation3.Q).
Moreover, he light trapped inside the cavitsavels an optical path length of ~61.
km in this time and the rourdip time of the tapped light inside the cavity wdound
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to be3.3 ns From the experimentally obtained rhdgwn time, we estimated that the

actual mirrorreflectivity was R = 99.97%.

Integration time /sec

L 0.09091 0.90909 9.09091 90.90909
100 = & 10
—
" (a) X (b)
- i
: 5
g N’
St 8 1 4
(=} A
° = X 5
2 'E A
E & :
= > A
Z =
= 0.1
=
<
5.48 5.50 5.52 5.54 5.56 5.58 5.60 5.62 10 100 1000 10000
Ring-down time/psec Group size

Figure 3.3 (a) Distribution of the ringdown times at a fixed laser frequency. (b) An

Allan-variance plot to estimatthe stability of the spectrometer

It is alsonotewvorthy to mention herghat in ourcw-CRDS set upthe width of an

individual cavity mode enabled us to assess the laser linestt,), because it
represents the time required for a moving cavity mideross the laser line. From

our expeged mE S R(,c=aAvhi t y motdFSR) w0.Qb62. aking/into A
account the cavity FSR &2l = 300 MHz (0.01 cif) , we od=t18.2 MHz A v
(0.0006 crif), which is in agreement with the linewidth remaftfor Daylight

Solutions MHFEC-QCL (0.0003 crit). In our experiment it has been considered that

the spectral wi dtchis regligiblylsmall compared tg thenlaser e A v
l 1 newidt h. I n f aegbho furso ma ntdh et huere ads@ulraettdi om
foll owsgny=0&6kHz. Av

However, In our current EEQCL-based higfresolution cw-CRDS setup, while

scanning across a rotationally resolved R(8e) line A kit 1887.666 cih a typical
detection 1 i mimnh=48s10tcend. Phiswvalue was caloulated using

the typical ringd o wn time of 5. 56 pss)af®.08%switha ndar d
averaging 6 RDT deter mi ng we alsa deterBined thed o n
minimum detectable concentration fopin our present $@p andusing equation

(3.2) we found a value of [X}=1.13x1G" molecules/cmi when the CRDS

measurements are constrained under the Doppbadened limiting conditions.
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However, with inclusions of pressure broadening effects on the spectral line by an
ambient pressure of 1 atm of air (air broadening coefficignt(N,O) = 0.08 cn"

atm?), the detection limit for BD would then correspond to 4.5 ppbv. The estimated
detection limit is sufficient for direct detection of ambientONevels. We have also
illustrated the typical detection limits for sensing ofONobtained by several other
groups (Table.1) using several other spectroscopy techniques. We also estimated the
noiseequivalent absorption (NEA) coefficient of the presemtCRDS apparatus as

an alternative to the detection limit according to the equation as described in chapter

2.
NEA= 2 amin
V 1:rep

where fiep represents the data collection rate. In the present setup, we obtained a

typical NEA value of 7.16x10™° cm® Hz*? with 90-Hz data accumulation of

individual ringdown events.
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Table-3.1 Typical detection limits of BD reported by different research group

Min detectable Technique Remarks
Concentration
of N,O
(in air)
G513t%i Picarro ~ 0.05ppb Cavity Ringdown 1 Fully automated and
N,O analyzer Spectroscopy (CRDS) commercial system for

high precision continuous
measurement of JD in
ambient air.

1 The system is capable of
measuring the isotopic

species of BD.
J. P. Limaet. al® 84 ppb Photoacoustic 1 Lab-based setup.
Spectroscopy (PAS)
F. M. Cuotoet. 50 ppb Photoacoustic 1 Lab-based setup.
al’ Spectroscopy (PAS)
M. Jahjahet. al*® 6 ppb Quartz Enhanced 1 Lab-based setup.
Photoacoustic
Spectroscopy (QEPAS
J. Mohrt®. - Multipass Absorption 1 Lab-based setup.
Spectroscopy 1 Preconcentration
technique is utilized
1 The system is capable of
measuring the isotopic
species of BD.
Y. Maet al’ 23 ppb Quartz Enhanced f Lab-based setup.
Photoacoustic
Spectroscopy (QEPAS
Present study 4.5 ppb Cavity Ringdown 1 Lab-based setup.
Spectroscopy (CRDS)

3.2.3 Allan Variance analysis

We estimatedhe stability of the currenERDS instrument by Allan variance
analysis.Figure 3.3(b)d e monstrates a gr a’plplotaganstAl 1 an
integration time at fixed wavenumbet88700 cm® with empty cavity condition. In
the initial par 3% isdefreasing ith increasipghintegrationdimee o
andthe gradient of the best fitteohé is -1 whichindicates thathe cawviy is in white
noiseregiorn® a n & ineprovesfurther by the increase of the integration time. For

our CRDS set up, the optimum integration time was found to Xe s~which
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corresponds t@400ring-down decay signals at the data accumulation rate used. After
this point there 1in nZ% and conseguently théremip moo v e me
benefit in additional signal averaging because numerous instabilities arise in the

system

3.3 Results and Discussion:

We first assessed the performance of the(l-based MO sensor exploiting the

CRDS technique by measuringcartified calibration gas mixture of 13+0.5 ppmv

N2O in N, (Air Liquide, UK, 99.99%) inside the rindown cell. The Dopplelimited

studies were conducted by injecting the gas sample in the cavity with different
pressures. Figurg.4 (a) shows an examplef the highresolutioncw-CRDS spectrum

probing the R(8e) rwibronic transition of MO centred at 1887.666 chwith a

pressure of 8 Torr inside the cavity. The line integrated absorption-sgossen is

oine = 1.5%10?? cm? moleculé! cm* reported in he HITRAN database at 296°K

The measured Doppler width is 0.003506 ‘cwhich is in good agreement with the
calculated value of 0.0035062 ¢niThe rotational R (8e) absorption line was fitted

by a Gaussian linshape function with FWHM of 0.00361 €mvhich corresponds to

the expected Doppler broadening at the measured wavelength. The integrated area
was then used to calculate the concentratioN® in the cavity using the known
value of ol i iteWeaneasutel thep® corcéntration inside the ring

down cavity (RDC) of [X}i20=(3.40 + 0.02)x18 molecules/cr In figure3.4(b), the
absorption coef fici eaftheNQuchbncentsatiop atdiffetert d a s
pressures 1nside the optical cavi Oy . The
concentrations divided by the speed of the light yield the absorption coefficients at a
range of NO partial pressures inside the cavity.
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Figure 3.4 (a) CRDS spectrum of R(8e) rotational line oONat 1887.666 cih (b)

Pl ot of

absorption

c o £Of cbnicentraonst inside cthe
optical cavity to determine the limetegrated absorption cross e c t i) @ IRO.( O

as

The errors correspond to the standard errors (S.E) from the mean values when three or

more spectra are recorded. The wavelength dependent absorptiesn erass i) of n

N0 at a particular wavelength wasrived from fitting of each spectral feature with a

(o

Gaussian lineshape function whose FWHM was constrained to Doppler broadening

296 K.
d et er nfiom the

at

directly converted to line integrated absorption cross ¢ t ) bymultiplying with

The
gsadient of the straigh

l inear

~N

£ ecdnaentratiom enhbieg us boe t we ¢

1 1 eakeulatedsin this way can be

experimentally observed Doppler width at the centre wavelength 1887.686 cm

(figure 3.4b)

T h u sperinfentti® (1.503 + 001) x10°% cn” moleculé' cmi* which

is in excellent agreement with the value reported in the HITRAN datbase

Next in order to illustrate the CRDS measurements under the influences of pressure

broadening effects, we recorded the CRDS spectra,Qf ibeyond the Doppler

broadened limiting conditions. An accurate measurement of the pressure broadening

coefficient for the rotational line utilized to detectONis important to allow detection

limits obtained at low pressure to be scaled correctly for atheyg sample

measurements. The pressure broadening coefficient of the R(8e) rotational line of

N,O was determined with increasing pressure of air inside the optical cavity.
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Figure 3.5 Demonstrates the pressure broadening effects of the R(8e) natlialiive

.The inset figure shows the variation of HWHM at different pressures inside the
cavity. The pressure broadening coefficient was determined to be 0.077+0.001 cm
tatm,
Lorentzian profiles centred at known line positions (as obtained from lowupeess
spectra) were used to fit the shape of the spectra, with the FWHM of Lorentzian
functions floated in the fit. Figurg.4 illustrates the pressure broadening effects on the
R(8e) absorption lineThe inset in figure3.5 depicts the Lorentzian HWHM as a
function of air pressure and the gradient is equal to the pressure brmpdeni
coefficient and is 0.077+010 cmi® atmi' which is in good agreement with the
HITRAN database value of 0.08 Zratmi™.

Finally, we have investigated the applicabilityas+CRDStechnique combined with

the ECGQCL technology for measuring trace amounts ofONlevels in real
atmospheric samples. The samples were collected from the five different localities
surrounding S. N. Bose Centre, Kolkata on seven consecutive days (Novethber, 4
2016) in two different periods, morning (07:09:00 h) and afternoon (14:@®:00

h). The sukareas of our study included industrial sector (L1), highly traffic area (L2),
residential complex (L3), agricultural land (L4) and garbage disposal grotind o
Kolkata metropolitan (L5). Air samples were analyzed byciRDS setup and the
measured PD mixing ratios in the atmosphere were from 399 pbbv to 604 pbbv (see
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in Table 32) which lies in the typical range of 8 emitted in the atmosphere
depending onthe level of local pollution. In our study, whilst we observed a
significant change in PO levels in different suareas, interestingly we also observed

a statistically significant difference (p<0.001) in,ON concentrations between
morning and afternoonessions of the day in all sietlveas apart from the residential
complex area (p= 0.03) (figure 3.2 In the cultivated land area, we found a
significant change in pO levels in the afternoon session. This observation might be
attributed to the releasd N,O from the soil by an increase in soil microbial activity

in the afternoon and also for use of different types of organic and inorganic fertilizers
in the agricultural land as the samples were collected from such areas. On the other
hand, in our study higher level of MO was observed in the waste disposal land
compared to the other salbeas. This is possibly caused by the enhancement of
biological processes of nitrification and denitrification of organic material by the
different types of bacteria enfungus?® Moreover, we also did not observe any
significant changes of XD levels in the morning period between the traffic area and
industrial sector, but )0 concentration rises in the afternoon which is most likely a

result of higher emission of anthmagenic sources in that period.

Table-3.2 Distribution of N,O concentratiorfin ppb)in different localities

Date L1 L2 L3 L4 L5

Morning | Afternoon | Morning | Afternoon | Morning | Afternoon | Morning | Afternoon | Morning | Afternoon

4.11.2016 | 3995 5277 | 410+4 | 549+7 | 401+3| 409+5 | 456+4 | 570+3 | 495+8| 595+5

5.11.2016 | 402 +4 | 533+6 | 418+3 | 553+7 | 404+3| 413+4 | 4546 | 570+3 | 498+6| 604+6

6.11.2016 | 404+7 | 529+7 | 413+5| 554+4 | 401+5| 404+8 | 453+4 | 568+4 | 498+3| 600+3

7.11.2016 | 403+9| 528+4 | 412+5| 553+6 | 402+5| 404+6 | 457+3| 574+5 | 499+7 | 596+5

8.11.2016 | 409+8 | 528+4 | 412+4 | 555+5 | 402+6| 408+6 | 458+3 | 576+7 | 499+6| 598+8

9.11.2016 | 415+6 | 529+4 | 416+3 | 549+6 | 401+7| 403+6 | 455+4 | 574+6 | 506+4 | 597 +7

10.11.2016| 410+4 | 529+6 | 411+5| 556+5 | 407+6| 4025 | 454+5| 569+6 | 501+3| 598 +4
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Figure 3.6 Variation of ambient BbD mixing ratios in different periods of the days in
various subareas. L1: industrial sector, L2: highly traffic area, L8esidential
complex, L4: agricultural land and L5: garbage disposal ground of Kolkata

metropolitan

3.4 Conclusions:

The ECQCL based cwCRDS detection described in this work offers an effective
method for direct and quantitative measurement ¢b M ambientair with high
sensitivity at ppbv levels and high molecular selectivity. The high selectivity in the
measurements arises from the hrgbolution spectroscopic detection and probing a
sharp, rotationally resolved R(8e) absorption line gbhat has weltlefined central
frequency and a Dopplaroadened line profile. We did not observe any overlapping
absorption features of other dominant atmospheric constituents sucl anéi CQ

in this spectral region. Consequently, the use of(Etl-based higkresoltion cw

CRDS methodology with careful wavelength selection in the MHF frequency tuning
range also eliminates the necessity for instrument calibration using the standard
calibration gas mixtures. Furthermore, as the detection©fidlperformed at the low
pressure used in the RDC, the CRDS measurement thus avoids any deleterious effects
of pressure broadening by ambient air and consequently also works in favour of

improving detection limits. The detection limit of the current-@CL-based CRDS
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sensor for NO detection could be improved further by the improvements on the
performance of the RDC, associated optics and laser. We also believe that the present
CRDS technique has enormous potential not only to monitor simultaneously many
other trace atmosphericepes along with pD within the tuning range of the laser,

but also the N20 sensor to be made portable in the future for field deployment which
is facilitated because of the compactness and room temperature operation of the EC
QCL light source.
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multiple chemical species using
high-resolution CRDS technique
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4.1 Introduction

The innovation and the recent technological advances of continuous wave
(cw) externaicavity (EC) quantum cascade lasers (QCLS) with runjefree (MHF)
frequency tuning capability operating in the namdrared (mid-IR) molecular
fingerprint region covering the spectral
access strong fundamental rotatiewiddrational transitions of numerous molecular
specie$®. Now-adays, the caEC-QCLs are becoming very populamid-IR light
sources for highliesolution fundamental molecular spectroscopy and chemical sensing

applications because of their high output powers, room temperature operation, wide
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tunability, intrinsic narrow linewidth, and compactri&ssHowever, when such
widely tunable cwEC-QCL technology is coupled with higinesse optical cavity
enhanced absorption spectroscopy (CEAS) technigued as cavity ringlown
spectroscopy (CRD&Y', the detection limits of ppbv (parts per billion by volume)
down to the pptv (partpertrillion by volume) levels are easily achievétf and the
new methodology will allow for simultaneously monitoring ratiltiple species in a

variety of environments in rediime.

The lasetbased CRDS is a highsensitive direct optical absorption technique that
exploits the measurements of decay rate of light circulating in afimgbse optical
cavity. The scheme prales long effective path lengths of the order of several km in

a small cavity volume and thus improved sensitivity of detection. In CRDS, one can
easily calculate the number density of a molecular species in an absolute scale from
the knowledge of the matalar absorption crossection without need for secondary
calibration standard. Additionally, the CRDS measurements are performed in the
time-domain and thus it is insensitive to laser intensity fluctuations, which enables the
technique to reach a shopiselimited sensitivity®. Therefore the application of
CRDS technique with an EQCL light source offers an attractive new option for
mid-IR high-resolution absorption spectroscopy. The aim of the present study was
thus to exploit the nesgeneration widelyunable EGQCL technology coupled with

an optical cavityenhanced cvCRDS detection technique for high sensitive, selective,
and quantitative optical measurements of multiple trace molecular species by probing
rotationally resolved rwibronic transitiondn the midIR spectral region. The MHF
laser frequency tuning along with extremely narrow-lividth of ~0.0001 cr, the
newgeneration EEQCL technology makes feasible the simultaneous detection of
numerous molecular species probing their respectivéionédly resolved absorption

line, employing a single QCL within a relatively small spectral range of ~ 0.05 cm

In this study, we have specifically targeted some unique panels of molecular species
within the tuning range of the QC laser which are imgadrifor various reaivorld
applications involving environmental sensing and atmospheric chemistry (g3., C
and NO) as well as noimvasive biomedical diagnostics (e.g., NO and OCS). In the
medical field, exhaled nitric oxide (NO) is considered to béngyortant biomarker

for asthma and other respiratory dise&s€s On the other hand, carbonyl sulphide

(OCS) has been proposed as a marker for liver related dif¥dasemwever, one

87



Chapter4

breath molecule may be linked with multiple diseases and conversely, one particular
disease or metabolic disorder can be marked by more than one breath molecular
species. Furthermore, in the field of environmentakrsze, the monitoring of
acetylene (gH,) and nitrous oxide (pO) in ambient air is of immense importance
because both play an important role in atmospheric chemistry and photoch&mistry
23 Therefore, simultaneous and molecsfiecific reatime detection of these
particular molecular species with higlensitivity are of increasing interest and still

remains a challenge.

In this chapterwe demonstrate the simultaneous monitoring of multiple chemical
species using the high resolution CRDS technique coupled withE2C-QCL system
oper at i~n5. 2a tWensubsequently demonstrate its application for -high
resolution rotationavibrational spectroscopy along with simultaneous detection of
multiple trace molecular species such as NO, OCZ) ldnd GH, with high
sensitivity and specificity in ambient air as well as in human breath by probing their
Dopplerlimited or pressurdroadened rwibronic transitions in the mitR region
within the tuning range of the present QC laser.

4.2 Experimental Arrangement

The schematic of the EQCL-bas&l CRDS setup is depicted imgfire 4.1.
The light source consists of a watsroledcw EC QC laser (TLS11053,Daylight
Solutions, USA) which operates in'l)he c el
in the midIR spectral region. Thew-EC-QCL system can continuously be tuned
from 18321974 cnt, allowing a MHF range of 1847965cn'wi t h out put p o v
80 mW over this tuning range. An optical isolator (F825.3, Innovation Photonics)

was used at the laser output to prevent optical feedback fronréfmtted light.
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Figure 4.1 Schematic diagram of the cavity riaigwn spectrometer coupled with an

externalcavity quantumascade laser (EQCL) at 5. 2puym.

The output of the QCL beam from the isolator was then passed through an -acousto
optic modulator (AOM) (AGM406B11M, IntraActionCorp.). The AOM was
employed as a fast optical switch and the Jmsier deflected beam from the AOM

was utilized for the ringlown experiments. The zeretinder AOM output was
directed to a wavemeter (621B, Bristol Instruments, USA) for monitoring of laser
wavelengths in regime with an accuracy of 0.001 cni whilst a otationally
resolved spectrum was recorded. The laser can be fine tuned over the rotationally
resolved absorption line by utilizing the piezoelectric transducer (PZT) attached to the

intra-cavity grating of the E@QCL system.

The cylindrical ringdown caity (RDC) consisted of two ultrhigh reflective mirrors
(manufacturer specified reflectivity R
curvature =1 m; CRD Optics Inc.; USA) separated by a distdhod 50 cm, which
corresponds to a free spectrahge (FSR = ci® of 300 MHz (0.01 cil) and optical
finesse of ~15706. The RDC was connected to a vacuum system that allowed the
measurements of molecular absorption with different sample concentrations. The light
behind the RDC was focused by a goltited offaxis parabolic mirror (10.16 cm
focal length, Newport Corporation, 50338 AU) onto a thermoelectrically cooled
photovoltaic MCT detector (VIGO PV3TE-6) and subsequently output of the
detector signal was amplified by an external-logise voltage amplifier (Stanford
Research Systems, SR560). However, to enable the periodiecéastgr coupling,

one cavity mirror was placed in a mirror mount with three piezo electric transducers
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(PZT, Thorlabs PE4) and a triangular voltage was applied in pai@ltatee PZTs,
making the mirror move back and forth. In this way, the cavity length was modulated
over one FSR to ensure Tkdexcitation at each laser frequency. The hua&ity

light is build up when the laser frequency comes into resonance with tme aavity
modes. When the light intensity in the cavity reached assetified threshold level,

a trigger pulse from a digital delay generator (Stanford Research systems, DG565) is
sent to the AOM to switcbff the firstorder diffracted beam and cawiently the

light intensity decays exponentially with time. This exponential decay was captured
by a highspeed datacquisition card with a sampling rate of 100 MS/s (14 bit- 100
MHz bandwidth digitizer; PCI 5122, National Instruments) and subsequeratlysad

by weighted leassquares fittings using custom written LabVIEW 8.0 software.

However, in the present EQCL based CRDS setup, the typical empty cavity-ring

down t)imeas(t5. 51 ps and standard deviatio
RDT deerminations. Consequently, the light trapped inside the RDC traversed an
effective optical path length of ~ 1.7 km and the rotmutime of the light inside the

cavity is 3.3 ns. Based on the experimentally obtained RDT, we estimated that the
actual miror reflectivity in the current E€€CRDS setup was R = 99.969% which

provides the finesse of the optical cavity~10132 andwitth of the optical cavity

mode ~ 29.6 KHz. We also calculated the laser linewidth from the width of an
individual cavity modeiro ur e xper i ment sgca=n dAtwe( coabvtiatiyn er
width) xFSR/ At ( FSR) Y~whithswain exdélient ggfeentert 0 6 ¢ |
with the manufacturer specified linewidth of QCL (~ 0.0003gnit is also worth

mentioning that in our setupthespecal wi dth of the dd2mtty
= 28.88 kHz ~ 29 KHz) was considerably small when it is compared with the QCL
l1inewidtdh~ 182 MHz). Mareover, in the present EICL system when

combined with the CRDS technique, the typicaldec t i on 1 i mit corres
~ 4.8x10° cm™* while scanning across a rotational line of a gaseous species of interest

in this study and the noisquivalent absorption (NEA) coefficient of the order of

~10%° cm*Hz Y2 was also achieved.
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4.3 Results and Discussion:

4.3.1 Assessment of the CRDS set-up using standard calibration
gas

To evaluate the performance of the ARIEC-QCL system exploiting the cw
CRDS detection technique, we first focused to target absorption lines of a particular
molecular species fagexample, acetylene ¢8,) which is one of the simplest non
methane volatile organic compounds (VOCs) that has-nestilved revibrational
spectrum within the MHF tuning range of the current QC laser. To check the ability of
performing quantitative measments of GH,, we injected a certified gas sample of
5+0.25 ppm GH, in N, (Air Liquide, UK, 99.99 %) inside the optical cavity. An
example of the highesolution cwCRDS absorption spectrum obi probing the
P(13e) rotational line of the (00@Y) —( @'%pcombination band of &1, centred
at peak wavenumber of 1909.597 tis shown in igure 4.2(a) as recorded with a
pressure of 15 Torr inside the optical cavity. To determine the absolute concentration
in the cavity, the absorption line was fitted &yGaussian linshape function with
FWHM of 0.00471 crit under the Dopplebroadened limiting condition.

5

x 10

1.835 =~

Linear Fit

., 1.830 =

1.825 =

1.820 —

AUC/ em™ sec™

Decay rate/ sec

1.815 =

! ! ) I ) ) ) 1 1 ) 1
1909.585 1909.590 1909.595 1909.600 1909.605 1909.610 00 05 1.0 15 20 25 30 35 40

-1 -3 12
Wavenumber/ cm No. of molecules/ em ™ x 10

Figure 4.2 ( a) Depicts CRDS spectra ofsz49P(13¢e€)
vibrational combination band of s, at 1909.597c to illustrate the performance

of the sewp. (b) Plot of area under curve (AUC) at differentHg concentration

inside the optical cavity to determine the line integrated absorptionsrass t )y on ( o
of GHa.

We utilized the integrated area of the alpsion line and lindantegrated absorption
Crosss e ¢ t kel 8936107 cmPmoleculélcm® at 296 K from the higitesolution
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transmission (HITRAN) databadeto calculate the concentration ofHG in the
cavity and we obtained [¥}1=(2.39+0.07)x1& molecules crit.

We subsequently verified the absorption cresstion data reported in the HITRAN
databas® by the present EQCL-based CRDS detection method to ensure the
suitability of the measurements. For this purpose, we have plotted the area under the
curve (AUC) as a function of £, concentation at different pressure ide optical

cavity as shown inidure 4.2(b). The error bars correspond to the standard errors
(S.E) from the mean when more than three spectra were recorded. The Gaussian line
shape function was used to fit each spectna With FWHM constrained to Doppler
broadening at 296 KThe linear relationship between AUC angHg concentration
enabled us to determine the limtegrated absorption cresse ¢ t j) at particutar
wavenumber. The gradient of the straight line diglithy the speed of light gives the

line integrated absorption cressction (1.1+0.01)xI# cm? moleculé' cm?, which

was in excellent agreement (to within 0.6%) with the value reported in the HITRAN
databas?. We next investigated the pressure broadening effects on the P (43e) ro
vibrational line in order that the measurements were not only constrained under the

Dopplerbroadened limiting conditions.

Figure 4.3(a, b, c) illustrates the broadening of therplisa line as the pressure of

air inside the cavity increased. Under this condition, we utilized Lorentz lineshape
function to ensure reliable fittings on such unblended rotational lines. Lorentzian
profiles centred at known line positions (as obtainechflow pressure spectra) were

used to fit to the shapes of the spectra, with the FWHM of the Lorentzian functions
floated 1 n t he fit. The pressuregbroaden
0.0698 + 0.0lcm™atmi* from the plot of Lorentzian HWHMcf?) of the spectral

lines versus the pressure (in atm) of air used (Figure 4.3(d)).
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Figure 4.3 (a), (b) and (c) Demonstrate the pressure bordering effects of the P(13e)
rotational line of GH; to study the sensitivity of the CRD spectrometer fi¢rent
pressures inside the cavity. The spectra were fitted with Gaussian, Lorentz and Voigt
line-shape function wherever it was applicable. (b) Variation of HWHM at different
pressures inside the cavity to determine the pressure broadening coefficiit,of
molecule at 1909.597¢h

The coefficient we determined from the CRDS measurements was in good agreement
with the value reportedair:i0r07c1n'1]ha®lﬁ124HIIi§RAN
noteworthy to mention here that the higdsolution CRDS spectra should be recorded

at low pressure to avoid the deleterious effects of pressure broadening on the
absorption line. Moraver, using the present experimentaligethe detection limit of

C,H, would be 8.2 ppb on further broadening of the spectral line by an ambient

pressure of 1 atm of air.
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4.3.2 Evaluation of the set-up for multi-component chemical
sensing

We next evaluated thegerformance of the widely tunable ETCL system for
simultaneous monitoring of three environmentally and biomedically important
molecular species i.e. NO, OCS angDNn a single laser scan within the MHF tuning
range. We probed three rotationally resdiViees R(2.5f) ofIls, of NO at 1887.636
cmt, P(10f))af OCS(av1887.648ciha nd R ( & ¢ L)wfoNSO af v
1887.668 cnt for simultaneous measurement of the molecular species. The minimum
detectable concentrations (%)) 5.09x18 molecules/cni, 3.39x18° molecules/cr
and 1.13x18 molecules/cfor NO, OCS and BD respectively, have been obtained
from the present system. The HITRAN dataaseas used to simulate the high
resolution absorption spectra of these three gaseous species in presence of ~1% of
water and ~400 ppm of GOn the spectral region of 1887.62887.675 crit. The
simuation result is shown in figre 4.4 (a) which indicates no overlapping of the
spectral lines with water and G@ the spectral region mentioned above. A mixture
of 200 ppbv of NO, 935 ppbv of OCS and 2 ppmv e®DNvith N, (Air Liquide, UK,
99.99%) was utilized to record this CRDS spectra pressure of 10 Torr inside the
optical cavity. The experimentally observed higisolutioncw-CRDS spectra of the
three neighbouring strong absorption lines of NO, OCS aliN a narrow spectral

range of ~ 0.05 cthare depicted ifigure4.4(b)
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Figure 4.4.(a) Indicates simulation results of highsolution absorption spectra of
three molecular species (200 ppb of NO, 935 ppb of OCS and 2 pps©® @irdbing

the R(2.5f) of Mg, , P(1Qf)2wfn@v Ry(+8Aup-vibwationa lines,
respectively) in presence of 1% water vapour and 400 ppm ¢fr®e tuning range

of ~0.05 crit (1887.625cn-1887.675cil) using HITRAN2008 database. (b)
Experimental cwaCRDS spectra of the same molecular species probing the reame
vibrational lines at a pressure of 10 Torr inside the optical cavity, demonstrating the
high sensitivity and unprecedented molecular selectivity of the curreopseithin

the same tuning range of the laser.

The integrated ar eahsspectralfing and theirrespectivedinee o f
integrated absorptioncresse ct i ons’ were wutilized to de-
individual analytes which corresponds to (6.38+0.02%1folecules/crfi of NO,
(3.060.05)x18" molecules/cri of OCS and (6.6+0.03)x18" molecules/cm3 of

N,O at 10 Torr pressure inside the optical cavity. The calculated concentrations match

well with the simulation results. Additionally, if we allow further broadening of each
spectral lines by an ambient pressure of 1 atmrotta detection limits would then

corresponds to the mixing ratios’ of 200
N2O.

Moreover, the experimental observations of the line parameters, peak centre positions
and integrated absorption cressctions of althese molecular species investigated in
the present study are summarized in Table It shows an excellent agreement

between the experimentally measured and database simulated results, thus confirming
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the highresolution revibronic spectroscopicapability of the newgeneration EC
QCL-based CRDS detection method. The estimated detection limits were sufficient
for direct monitoring of these molecular species in real atmospheric or human breath
samples.

Table-4.1 Expeimentally observelihe parametes of different moleculespecies

Molecular  Peak Centre Line int. abs. Doppler width
Species (cm™) crosssection (MHz)
(cmmoltcm?) @ 296K
NO 1887.636 (4.012+0.03)x10" 127.390
OCS 1887.647 (4.282+0.02)x16° 90.031
N2O 1887.667  (1.494%0.03)x106° 105.186
C,H- 1909.597 (1.1+0.01)x10? 138.344

4.3.3 Simultaneous detection of multiple trace species in
exhaled breath and atmospheric sample

Figure @.5 a, b, c) illustrates the examples of the representativ€RBS
spectra of NO and OCS in humbareath samples along with the individual CRDS
spectrum of gH, and NO in atmospheric air sampleBhe integrated areas with the
pressurébroadened or Doppldéroadened line profiles were used to calculate the
concentrations of these molecular speciesiénrelevant environments and the values
were determined to be ~ 28 ppbv for NO, ~ 21 ppbv for OCS and ~ 403 ppbv for
N2O. The observed mixing ratios of NO and OCS lie in the typical range usually
found in human breath sampl&§’. Moreover, the DO mixing ratio we measured in
air sample is also relevant to the typical value gdNoncentrations in ambient air
samplé®?®* Wwe also measad the GH, mixing ratios in ambient air sample
collected from a highly polluted areas and it was found to be ~ 45G5pbBut the
direct detection of gH, in pollution free atmosphere (which typically lies iR21
ppbv) is not suitable in this spectral region of the present QCL system as our
estimated detection limit (which is 8.2 ppbv at 1 atm. pressure) is not quite enough for
direct sensing of €, in thetroposphere. However, all these observations suggest the
high-resolution capability of an EQCL-based CRDS sensor for mutbmponent
chemical sensing applications with ultregh sensitivity and unprecedented molecular

selectivity. The combination of badband wavelength coverage and kigéolution
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MHF frequency tuning capability in this EQCL system with careful wavelength
selection also eliminates the need for instrument calibration and consequently allows
the simultaneous detection of either mulipiace species or a particular molecular
species in a variety of environments such as in human breath or in ambient air without

any spectral interference from other species such@saHd CQ.
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Figure 45. (a) lllustrates cwCRDS spectra of nitric oxed (NO) and carbonyl
sulphide (OCS) in human exhaled breath at 1887.637 anul 1887.647 cihat a
pressure of 55 Torr inside the cavity. (b) Indicates typicalGRDS spectrum of
nitrous oxide (N20) in ambient air sample (Atmos sari)pléc) Depicts CRDS
spectrum of acetylene £8,) in a highly polluted atmospheric sample (Atmos sample

).

4.4 Conclusion:

In summary, we have demonstrated the application of a widely tunable room
temperature MHF frequency tuning EZCL-based CRDS detection method for
guantitaive and simultaneous detection of a unique panel of biomedically and

environmentally important molecular species such as NO, Og3aNd GH, with
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high sensitivity and unprecedented molecular selectiifihe high specificity arises

by recording rotationally resolved -kadbronic transitions with weltlefined central
frequency in the midR molecular fingerprint region within a narrow spectral range

of the QC laser. However, the detection limit of the entrECQCL-based CRDS
sensor for simultaneous detection of the multiple species could be improved further
by the enhancing the mirror reflectivity and reducing the detector noise. The full
potential o {fQCLlbhsed highedolutiomewERDS sensofor in depth
biomedical diagnostics by means of rawmasive breath test along with
environmental sensing is yet to be investigated in the future but the merits-t® mid
EC-QCL technology for highresolution molecular spectroscopy and multi

component chaical sensing are now established.
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Investigation of I-type doubling of
hot bands in D vibrational states of
OCS near 5.2 mMm using cavity ring-
down spectroscopy
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5.1 Introduction

It is well known that each bending or perpendicular mode of vibration in a
nonrotating linear polyatomic molecule is doubly degenerate. But molecular rotation
introduces a new phenomenon known-gge doubling] being thequantum number
of angular mometum so that the vibratierotation interaction induces the splitting of
the degenerate energy levels. &a¥ decades ago, Herzberist introduced the
concept ofl-type doubling and suggested that this splitting is caused by a Goriolis
type interactionbetween one component of a doubly degenerate bending mode and
stretching vibrations of the molecule. Subsequently, the existerieymé doubling
transitions was theoretically demonstrated by Neilsen and Shaffémpointed out the
importance of thisféect for better understanding of polyatomic molecular properties

from spectroscopic data. In addition, accurate measuremenkgypé doubling

101



Chapters

transitions can provide a variety of information about the bending mode of linear
molecules with rotational cetants, centrifugal distortion constants and Coriolis
interaction. However, the effect bitype doubling is usually significant only in the
first excited state i.e. wheng = v3=0,v,= 1,1, ="°1 (v = vibrational quantum
number). Fol=2 (i.e. D staes) or greater, thietype splittings are extremely small to

be measured and usually observed for redititiigh rotational staté&s.

However, there have been considerable interests over the last several decades to
measure thé-type doubling transitiongn carbonyl sulfide (OCS) because it is an
important molecule of astrophysical intefeand also the second most abundant
sulphurcontaining species in the atmosphere of VE&nubhe highresolution
spectroscopic detections of individuahvribrational tansitions of OCS which could

be attributed to the weaker hot bands witype doubling are important for the
studies of terrestrial and planetary atmospHeidsreover, a good understanding of
spectral line parameters such kt/pe doubling constant anttansition dipole
moments, determined from experimental analysis would help us to analyze the

astrophysical observations with absorption bands of minor constituents.

OCS is known to be a linear triatomic molecule which has three fundamental
vibr adg b onasxlabated at 858, 520 and 2062'(1:m respectivyely ir1
andawve the str et coiisithepending bihration ivhich exhikitsitde v
I-type doubling. However, early studies were primarily focused on the microwave and
infrared measurements dftype doubling transitions in OCS fde=0 and I=1

vibrational statés For instance, using a Spiip Raman Laser, Buckhet al®

reported thd-type doubling in the hot bands of OCS Fferl state near 1890 ¢hmin

another study, the existence lefype doubling in OCS was also recorded using the
molecular beam electric resonance spectroscopy in low J states of @ (02
vibrational state ot°0%?C%S>!°. In view of the earlier studi€s> however, the high

resolution spectroscopic measurementktgpe doubling transitions in the weak hot

bands for higher values bi.e.I=2 or A vibrational state a
knowledge, it has never been explored before to recorfdtyipe splittings involving

the parity doublee andf substatesarising from weak hot band transitions. But, the

recent technological innovatiolis* of the midIR continuouswave Ew) external

cavity quantum cascade lasers {RCLs) with extremely narrow linewidth (~0.0001

cm™®) and modehop-free (MHF) tuning capabily in a wide range of frequency when
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combined with highlysensitive cavityenhanced absorption techniques such as cavity
ring-down spectroscopy (CRDS)opens the possibility of exploiting this high
resolution spectroscopy to measure lthgpe doubling transitions in weak hot bands
for OCS. We note that the observation of sticloublet splittings between e and f

sublevels of OCS in high J states has not previously been reported.

In this chapter, we investigathe observation of-type daibling in R branch of
1%0'%C¥sin (140 )  <20)(hdt Band revibronic transitions using an EQCL based
high-resolution cwCRDS technique in the region of 190004 cni. The line
strengths of the e and f sghates for J=22 to J=29 rotational lines wereasured by
probing the respective absorption lines. Moreover, ItHadeublet splittings were
utilized to determine the vibrational transition dipole moments, rotational constants,
centrifugal distortion constants arletype doubling constant for both e darf
components 1in A=2yvof @CSa Einally,nve lextendedatheecurrént
high-resolutioncw-CRDS method to measure other two primary isotopologues of
OCS, i.e. 3°C'?s* and 3°C'?S* in pure OCS gas sample. We conducted this
measurement as adsibility study in the (8 )  <20)@eaR hot band transition for

the respective isotopic species in the OCS gas samples under investigation by probing
the R(35) and R(50) absorption lines, respectively.

5.2 Experimental Technique

As mentioned above, higiesolution measurements aflbublet splittings of
OCS were made using tlee~-CRDS method coupled with an HEQCL operating at
A~5.2 pum Y The éperimental arrangement of theCRDS system has
been described in chaptefs and 4in details Therefore only salient features of the
spectrometer are given here. In a classieaCRDS system, the decay rate of a laser
light trapped in a highinesse optical cavity is measured and the direct absorption of
molecular spectral lines is recorded. Thenber density of a molecular species is
calculated in an absolute scale from the knowledge of the molecular absorptien cross
section without the need for secondary calibration standards. Additionally, as CRDS
measurements are carried out in the tohoenainand thus it is insensitive to laser
intensity fluctuations. The minimum detectable change in the absorption coefficient,
omin is typically < 10° cmi* and the effective optical path length that is easily achieved

is of the order of few kilometres in a sinaavity volume. For the described high
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resolution CRDS measurements, the probe was a@QELC with a fine MHF tuning

range of 18471965 cn¥, an output power of >80 mW over this range and a linewidth

of ~ 0.0001 crif. The resulting shotime noise equivaint absorption (NEA)
coefficient, whnf ¢ hgwheref,cgsihe data achujsition ate,avas

~ 7.16x10° cm? Hz'llzforfacq:9 0 Hz and omin was? améter mir
based on the typical empty cavity ridgwn time (RDT) ofty=5 . 6 4andstandard
deviat i 0.08%withavyeraging of 6 RDT determinatio@avity mirrors with
reflectivity of 99.98% at 5.2 um were used in tve CRDS system, corresponding to
finesse (F) of ~15700. Additionally, the linewidth of th&€C-Q CL dc A\ was
determined to be 48 MHz (0.0006 ci), matching the manufacturer specified value

of 0.0003 MHz with the EE@QCL. The linewidth of the TEN cavity modes was also

me as ur ¢ dcait~o(FSR/E)~ Ak Hz , wher e t he lagangei t y’ s
(FSR) was 300 MHz. However, the higiksolution Dopplefimited cwCRDS

spectra involving rotationally resolvedtype splittings were acquired over the R
branch of (140 )  <20)(hdt band transition of OCS by fine tuning over ~ 0.1'cm

of the pezoelectric transducer (PZT) attached to the tunable diffraction grating of the
EC-QCL system.

5.3 Results and Discussion

The performance of thew-CRDS system was initially assessed by injecting a
certified calibration gas mixture of 31+0.2 ppm of OCS piridide the optical cavity
with a pressure of 5 Torr. Figukel shows an example of highsolution spectrum of
OCS, probing the R(24) rotational line of the{d4  <20)(hat band transition at
1900.255 cifwith alines t r e n gnd= 9.598 10 co’* moleculé' cmit at 296 K,
as given by th&lITRAN databas¥.
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1.82 =

Gauss Fitting

1.81 =

1.80 -

1.79 =

1.78 =

1.77 =

Decay rate (k) /sec’x 10°

1.76

1900.230 1900.245 1900.260 1900.275

Wavenumber/ cm”
Figure 5.1 CRDS spectrum of R(24) rotational line of OCS with peak centre at
1900.255 cril
The spectrum was fitted with a Gaussian‘sh@pe profile with FWHM of 0.00306
cm® which corresponds to the expected Doppler broadening at the measured
wavelength. The integrated area under the curve was utilized to measure the
concentration of the sample inside the cavity and it was measured todeeX3.1
+ 0.02) x16% molecules m>. As mentioned later, the same sample inside the cavity
was used to determine the vibrational transition dipole momenésafiodf substates
of the (140 ) —?0)(r@vibrational transition forl=2 state. However, we first
focused on the measurement of thigpe doubling constant of (3@) vibrational
state. To accomplish this, we then probed 8 rotationally resdhgpoe doublet
transitions for OCS from J=22 to J=29. The examples of the nogdityoresolved-
doublet splittings betweea andf components of the corresponding rotational lines

f or rational state are depicted iguire5.2.
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Figure 5.2 CRDS spectra of-ype doubling in R branch probing J=22 to J=29
rotational lines otthe (140 )  °0) hdl i2and transitions.

It was observed that the splitting between theand f substates increases with
increasing J value and subsequently tgpe doubling constant was calculated.
According t o Ni e 1'sthe splittingsinlihe ttatipnal levels due to interaction
betweerrotation andvibrationare given by
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DE = hgJ(J +1) (5.1)

where is theseparation between the rotational energy levels, q is splitting constant, h

1S Planck?’s constant and J 18 the rotatio

For J — J+1 transition, the doublet split

Dn=2q(J +1) (52)

The variation of ©r2) with (J+1) 5 shown in figure @ and the slope of the straight
line provides thel-type doubling constatit'®. In our present study, thetype
doubling constant for (£8) vibrational state was found to be 218° cm* which is

~20 times smaller than the value of thigpe doubling constant for=1 state of OCS.

3.0 <
2.8 =
2.6 =
2.4 —
2.2 =
2.0 -
1.8 =
1.6 =
1.4 =
1.2

Splitting in / type doublets (cm™) x10™

J+1)

Figure 5.3 Measurement oftype doubling constant in | = 2 stagobing J=22 to
J=29 rotational lines of R branch in (13 )  20) hd Band transitions

We next investigated the vibrational transition dipole moment and in order to do that,
we first estimated the line strengths or line intensities of the individeabrational
transition of the probed absorption lines. The integrated ameder uhe curves as
depicted in igure 52 were therutilized to estimate the line strength of the individual

ro-vibrational transition. The individual absolute line intensiy,can be expressed

a§022

_agp®d T g o expgeh—m
¢

g
%hc_TZVZ

T (5.3)

@B

SIS

MN.SS7F expie
C K
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where,T is the temperature in Kelvinsg72 73 . 15 K, v is the wave

centre at cni, E is the energy of the lower state and K is Boltzmann constant. For

2 2

AI=0, the HéniLondon factor, SR is given b, =~

m

branchand m=}f or P bis thenvibrationaltransition dipole moment and F

, where m =31 for R

is the HermanWallis factor that accounts for the vibratiootation interaction in non
rigid rotator.S, is the vibrational intensity factor for the triatomic molecdgandZg

are the vibrational and rotational partition functions, respectively.

For a linear molecule, F may be expressed as a function of’'m by

F(m)= 1%am+pm (5.4)

which may be approximated as Foomatant 1 + o m;

The vibrational partition functior, has been calculated from:

A e a how ag ™
Z,=04- expee — 8'3 (5.5)
€ c gl
The rotational partition functiogf or a 1l evel v is given by:

Zo= a (ZJ +1)e- [B\,J(J+l)— DVJZ(J+1)2]/KT
J (5.6)
where, B, and D, are the rotational constant and centrifugal distortion constant,

respectively. Since the contribution 1§, is different for nordegenerate and
degenerate vibrational mode, hergean be written as the product of two terms, i.e.
Ligfornond e generate modegan dg &nd k fob theadegenerate ( v

vibratiogal mode (v

Thus,S= Li3L, (5.7)

(Vl + [)vl)!(VS + [)VB)I
(v,!v,! Dv,! Dv)

where, L; = wi t h jbaontdharerthe vibrational quantum

numbers of t hga nldg arevthe differeances of tha corresponding

vibrational qguantum numbers of higher and lower state
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g(v+I+Dv) I+Dv

éel gel 3,2
Tl g )H8( )H

andL, =

‘<CC>

The product of the Hermawallis factor (F) and the vibrational transition dipole
mo me nyt were gdetermined via experiment&l values of the recorded spectra of
OCS. Egation(5.3) can now be revritten as follows:

2 Sif
" 28075 T, E' &

é%h @Tzz nNSVSReX%e KT9S1L

(5.8)

A plot of righthand side of equatio(5.8) as a function of m yields a curve whose

intercept at the origin is th&ansition diploe moment squared and the slope is
proportional tothe Hermawa 1 1 i s const antandfortiElower val ue :
state i.e. (09) of the recoded transitions are shown in Tdbleand the values were
taken from the microwave datd. However, neglecting the [Dvalues, % can be

represented as follows:

y (5.9)

Table-5.1 represents the main molecular constant for the lower levels of the

measured transitions

B,/ cm? D,/ cm* Zr at 296 K
020e 0.20536 5.13x10° 1000.4991
02°0f 0.20299 4.503x10° 1012.1804

In our present calculation, the vibrational partition functidn,was foundto be
1.1987 at 296 K. Using equati¢®7), we obtaine®,=3 for bothe andf substates of
the (140 ) (82°0) hot band transitich and consequently, we determined the Sif
values for e and f components probing the J=22 to J=29 rotational linebrah&h.
The observed line strengths of the probed rotational lines of theuneeiatransitions
are shown in @ble5.2. TheS; values shown here are in the order of3enm’ mol™

cmt.
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Table-5.2 depicts the comparison betweSnvalues (x1G°) for R branch of (120)
— (?0) hot band transition of OCS.

J St (observed) S (calculated) ObsCalc
22e 7.528 7.381 0.147
22f 7.528 7.381 0.147
23e 7.167 7.381 -0.214
23f 7.167 7.381 -0.214
24e 7.226 7.341 -0.115
24f 7.226 7.341 -0.115
25e 7.023 7.260 -0.237
25f 7.023 7.260 -0.237
26e 8.741 7.179 1.562
26f 8.741 7.179 1.562
27e 6.570 7.058 -0.488
27f 6.570 7.058 -0.488
28e 7.626 6.937 0.689
28f 7.626 6.937 0.689
29e 8.059 6.776 1.280
29f 8.059 6.776 1.280

Subsequently,7°F values have been evaluated for both e and {ssafles of (17D)

vibrational state using equati@s.8). The plots of;°F vs. m fore andf substates

are shown inigure5.4(a) and (b).
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0.0017 -~
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o 0.0014 ~

-

7

0.0013 =
0.0012 =
0.0011 =
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e sub-state

I
22 23

! ! ' 1
24 25 26 27

m=J+1

I ) ! '
28 29 30 31
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0.0016 —
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> 0.0014 -

0.0013 -

0.0012 =

0.0011 =

0.0010

fsub-state

(b)

22 23 24 25 26 27 28 29 30 31

m=J+1

Figure 5.4 m’F is plotted as &unction of m (=J+1) to measure the vibrational

dipole moments for e and f satates of the (£9) vibrational state.

The values of vibr @ and blarmafWallsicgnsial tes moom)e nlt as v
been mentioned inable 53 for e andf substatesof the (140 )  «<20)(hot band
transition. As e xpect ¢udlues forhandf sblpsfattssof e nce b
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Table 53 shows the vibrational dipole moments and Herdaillis canstant for e
and f substates fo(14°0) — ( ?0) hot bandransition.

u,/ Debye o
(14°0)°—( CFO)° 2.18x10° 0.072
(140)—( O 2.15¢107? 0.074

the measured transiti on,valges fordathytheandt 1 1 b u 1
components were found to be-32times smaller than the values of the hot band
transitions forl=1 state of OC%. However it is noteworthy to mean here that the

o b s e rywalués are extremely higher (~30 times) than the values of the isotopic

hydrogen cyanide (HC'N) for the same vibrational transitionlir 2 staté".

Additionally, we have made an attempt to measure the rotational constant, centrifugal
distortion constant and band centres eofand f subcomponents of the (1@)
vibrational level in=2 state by the least square analysis method. For that purpose, we
have monitored thetlype doublet transition frequencies of e and f components of the
probed rotational lines belonging to the {14 —20)(hot2band transition.
Consequently, the transitiorefjuencies we fitted with the following equation
(5.10)°

v &+ By [J(@+1)11F- D, [MI+1)-19- B, [FF+1)}F+ D, [IF+1)-17
(5.10)

where, B,., B, arethe rotational constants at higher and lower energy stéies;

D,arethecentrifugal i st ortion constants at higher a

the transition center of the selected hot band. The values of for e andtamsare
6102.558 MHz and 6102.560 MHz, respeelyvwhereas, thealues fore andf sub

states were fountb be 1.54 KHz and 1.35 KHz, respectivéfy. All the B, and
D,. values of the lower energy state were taken from microwave data of OCS and the

least square analysis was performed withB,., D,. as variables. Tabib.4lists the

observed and calculated values of transition frequencies of J=22 to J=31 rotational
lines of the(14%0 )  «20)(hdt Band transitiom R branches of OCS ilx2 state.
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Table-5.3 shows the leastquare fit of e and f suftates of (1§D ) <—20)(traihQition
of OCS
(14°0)°—(_C0° (140)—( 0O
JJ Obs. Cal Obs:Cal. Obs. Cal Obs-
Cal.
23 22 |1900.2820 1900.2803| 0.0017 | 1900.2882 1900.2870| 0.0012
24 23 |1900.6885 1900.6872| 0.0013 | 1900.6958 1900.6946| 0.0012
25 24 |1901.0949 1901.0939 0.001 1901.1034 1901.1022| 0.0012
26 25 |1901.5001 1901.5002| -0.0001 |1901.5108 1901.5097| 0.0011
27 26 |1901.9064 1901.9060, 0.0004 |1901.9177 1901.9172| 0.0005
28 27 |1902.3169 1902.3115/ 0.0054 |1902.3297 1902.3246| 0.0051
29 28 | 1902.7168 1902.7165/ 0.0003 | 1902.7334 1902.7319| 0.0015
30 29 |1903.1227 1903.1211, 0.0016 |1903.1399 1903.1392| 0.0007
31 30 | 1903.5278 1903.5244| 0.0034 |1903.5475 1903.5520| -0.0045
32 31 |1903.9307] 1903.9280| 0.0026 |1903.9565 1903.9596| -0.0031

The B,° and B, ' values for the (1) vibrational state were found to be 6159.9 + 19
MHz and 6091.5 + 17 MHz, respectively which are consistent with and of comparable
accuracy to the microwave values of 6150 + 12 MHz and 6099 + 18MBar
certrifugal distortion constants),®= 2.6 + 0.9 andD,." = 1.8 * 0.84 kHz, are new
values, and can be compared with estimates from the force field of 2.57 and 1.89
kHz>. Subsequently, we have also calculated the centrifugal distortion engfgy (E

for the (140)°and (140) vibrational states and plotted with J values. Tt "Hor a
particular vibratnal state can be expressetf as

E,*"=-D, [JA(J+1Y-19 (5.11)
where =D, +§ b, gevi +d—2‘8 (5.12)

Hergés [Rre the an¥10.028h<1608icm'1,y61ues
= 0.057x1¢ cm™ a n & = 9.038x10° cm™ ™, d, indicates the degeneracies in the

mode of vibrations and heok= d; = 1 andd, = 2 have been considered to measure

constants

the De values fore and f components of the selected transition. However, it was

observed that centrifugal energy decreases with increase in J values as shown in
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figure.5.5. The decrease in centrifugal energy for the essate was more rapid than
the f substate h the (140) vibrational state.
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Figure 5.5 Variation of centrifugal distortion energies for e and f sates for the
(14%0) vibrational state with rotational quantum number (J).

Using equationg.12), the calculated values of br e andf componentsverefound
to be 8.379x18 cm?! and 5.937x18 cm?, respectively for the (£8) vibrational
state. Furthermoreye also calculated the equilibrium value Bf for the e and f
components for the samvérationalstate using the following equation
3

B,=B,+a ad + % (5.13)
i €

Hergég,s @are the constants an%l6.883h<ilfﬁlicm'l,yalues
=-3.53x10°cm?a n ¢ = 1a21x10° cm** and the calculateB. values were found to
be0.2052 cnt and 0.2029 ci, respectively for the andf components of the (£@)

vibrational state.

Finally, we extended our work to check tfeasibility of measuring the natural
abundances of two other isotopic species of OCS £¥'¢** and 3°C*?S*?in the
gas sample being used in the present study by therésghution EGQCL basedw-
CRDS method. To do this, warobed R(50) and R(35) rotational lines centred at
1900.123 cnt and 1900.322 cih respectively in the (f8 ) «—(C0) tansition and

subsequently measured the isotope ratios. The minimum detection limits for
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0'°C'?s** and J°C'?S* were estimated to be 68x13* molecules/cri and
5.66x10* molecules/cry respectively using the lirgtrengths of 5.8xI8 cn’ mol™

cm* and 2.5x16° cn? mol* cmi! at 296 K mentioned in the HITRAN datab¥se
Figure 56 indicates a plot of 8C'?S* vs 0'°C'?S* concentration with a typical
spectrum of ¢PC*?S* in the inset. The gradient of the straight line denotes the
isotopologue ratio of 8C'?S*Y 0'°C*?S* = 4.14 + 0.02% which is very close to the
reported HITRAN value of the natural abundance of 45%

S
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X 34 32 P

'?E OC 'S/0OC"'S=4.14+0.02%
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— -
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- 1785 X
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] =
"E 2.90 = - 1775 @
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Figure 5.6. Measurement of natural abundance'#"°C**S isotopic species in OCS
gas sample under investigation. The inset figure shows the typical absorption
spectrum of°0'*C*Sisotope in the sample gas probing the R(50) rotational line at
1900.123 cril.,

Figure 5.7 represents a similar type of plot for the'®*C*S*? vs O°C'’S*
concentration with a representative spectrum 01C8S* in the inset. From the
gradient, we obtained the isotopologue ratid®ef*C**s/°0'Cc??s = 0.739 + 0.03%

which is also ayjood agreement with the natural abundance of 0.74% as mentioned in
the HITRAN databagé In view of these results, the presemtCRDS method ab
enabled us to measure the natural isotopic abundances of the different isotopologues
of OCS gas sample used in the current investigation.

114



Chapters

5.95 =

5.85 =
5.80 -
5.75 -
5.70 =
5.65 -

5.60 =

33

590 9 ocPs/0C™s =0.739 + 0.03%

— 1.772

- 1.771

= 1.770

Decay rate (k) / sec” x10°

1900.315 1900.320

T 1.769
1900325 1900.330

Wavenumber/cm

0C™S concentration/ mol cm~x10"

5.55 T

765 770 7.75 7.80 7.85 7.90 7.95 8.00
OC”’S concentration/ mol em~x10"

Figure 5.7. Measurement of natural abundance'#"°C**S isotopic species in OCS

gas sample used in the present study. The inset shows the typical absorption spectrum
of 1°0*C*3sisotope probing the R(35) rotational line at 1900.322'cm

5.4 Conclusions

In summary, we have employed tB€-QCL based higitesoluton cw-CRDS

technique for the measurement letfiype doubling in the (8 ) —@0) @eak hot

band transition of OCS fdr=2 state. We have measured bigpe doubling constant

in R branch of the selected hot band transition for the higher values of J and

subsequently determined several spectroscopic parameters such as vibrational

transition dipole moments, rotational constants, centrifugal distortiortacdador e

and f sublevels and-t y p e

doubling

c on s tlazhaf OGSnAs A

thel-doublet splittings in the weak hot band transition?(1% —¢0) &f OCS forl=2

state were not recorded before, therefore our new experimental ddtang\several

v i

spectroscopic parameters will be useful for better fundamental understanding of linear

triatomic molecular properties and hyperfine structures of their isotopologues.
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Measurement of high-precision
stable 13C02/12C0O; isotope ratios in
exhaled breath for diagnosis of small
intestinal bacterial overgrowth with
irritable bowel syndrome
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6.1 Introduction:

Small intestinal bacterial overgrowth (SIBO), a very common
gastroenterological disorder, is usually characterized by an increased number and/or

abnormal type of bacteria ithe small intestine, exceeding®110° colony forming
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units (CFU) per mL in jejunal aspirdfe SIBO contributes to the development of
chronic diarrhoea, bloating, macrocytic anemia, weight loss, and even severe
malabsorption and malnutrition caused by tabelic bacterial effects Several
evidences suggest that SIBO is closely associated with irritable bowel syndrome
(IBS), which is also one of the most common functional gastrointestinal disorders
worldwide of unknown etiology and pathogenéaidBS is usually diagnosed by
symptombased criteria, known as Rome critéfialt is still the subject of debate
whether the individuals with IBS should be diagnosed as SIBO or individuals
presenting with SIBO should be considered as the onset of IBS becasgmfiiems

of IBS and SIBO overlap to a large dedteBhe overall prevalence of SIBO among
patients with an initial diagnosis of IBS is not yet exactly known because SIBO is
often misdiagnosed and substantially underdiagrioSene earlier reports, howeyer
suggest that the SIBO is regularly found (38%8%) in individuals fulfilling
diagnostic criteria of IBSbut these studies are extremely deblatabhus there is a
pressing need to develop a better diagnostic methodology with high sensitivity and
specificity for early detection of SIBO. Recently, some authors have also suggested
that particular attention should immediately be given to diagnos® $iBpatients
particularly with diarrhegredominant IBS (IBD) because the patients with [E5

often show higher frequency of SIBO than other-gydes of IBS for example, IBS

with constipation (IBSC), mixed IBS (IBSM) and unsubtyped IBS (IBS)*.
Moreover, it is also important to understand the clinical prognosticators for

considering diagnosis of SIBO in individuals presenting as IBS.

The curent diagnosis of SIBO is still controversial and consequently considerable
disagreements exist in the literatures which diagnostic methodology would be the
most appropriate for routine clinical purposes The standard method for the
diagnosis of SIBO is considered to be quantitative microbial culture of jejunal
aspirates. However, this method is invasive, carries numerous inherent technical
difficulties in endoscopic harvesting jejunal fluid and the higk of contamination,
indicating a cumbrous and impractical method for routine clinical purposes as well as
not sensitive enough for early detection and follow up of patients. Therefdirecin
noninvasive breath tests such as hydrogen breathteand**C-xylose breath tekt

have recently been proposed as diagnostic tools for SIBO. Currently, the hydrogen

breath test (HBT) by ingestion of glucose or lactulose is considered to be @teintp
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diagnostic method for the detection of SIBO because the hydrogen is exclusively

produced when carbohydrates ageniented by intestinal bactelfia

However, there are various limitations and drawbacks in HBT for the diagnosis of
SIBO as described in several reports and review artiéfeand accordingly the
conclusions drawn from the studies are highly controversial. The utility of the HBT
with glucose is mostly limited by its low diagnostic sensitivity (40%) and specificity
(80%). The protocols of the HBTs have not yet been accuratalydardised.
Presently there are no widely accepted criteria for what establishes a positive HBT, so
in most cases an 1ncr e a s-k2pdrtapehmillionr(oppme n c or
above the basal value is considered to be positive test result toeribka
overgrowth”. A positive HBT may not always indicative of the bacterial colonization

in the small intestine as suggested by few autfifrand hence the symptoms of a
patientmay not be caused by SIBO. Sometimes the precise distinctions would be
extremely difficult as there may be similarities in the excretion profiles of volatile
metabolites in the expired breath in individuals with SIBO and individuals with rapid
intestinaltransit in case of lactose or lactulose test meal. Moreover, it is also possible
that some patients might produce other gases such as methane, hydrogen®*stilphide
etc in their breath samples rather than hydrogen and in such condition, HBT may not
work if SIBO is present. It suggests that a parallel measurement of other gases in

exhaled breath samples make the detection of SIBO more precise and specific.

Some autha™'? have proposed the possibilitf ihe measurement of G@long with

H, and to our knowledge the measurements have not yet been explored in detail. It
should be mentioned here that the measuremerltG®, alone might have an
influence on the diagnostic accuracy, sif@@0, is also prodoed endogenously at

the same time in exhaled breath depending on the basal metabolic rates (BMR) in
individuals. However, the higprecision reatime measurement of*CO,*2CO,

stable isotope ratios together with id breath samples after ingestion™&€-enriched
glucose would make the detection of SIBO more specific and accurate. The principle
of the measurement of isotopitCO, in exhaled breath is based on the fact that a
large part of the COremains in the intestine following bacterial fermentatan
glucosé? and as a consequence, we hypothesized that individuals harboring SIBO
would exhale les§’CO, in their breath compared with that in IBS without SIBO. To

120



Chapter6

our knowledge, while no provelfC-glucose breath test*C-GBT) for measuring
high-precision**CO,/**CO; isotope ratios in reaime for screening individuals with
suspected SIBO in patients with IBS has been reported to date, the aim of the present
study was, therefore, to standardize antidate this methodology for diagnostic

assessment.

In this chapter, we have demonstrated, the clinical effectiveneS€-&BT method

as an alternative neinvasive approach for the diagnosis of SIBO with individuals
particularly presenting as diarrhpeedominant IBS (IBSD). We applied a laser
based higkresolution cavityenhanced absorption spectroscopy method for the
measurements ofCO,/*?CO, isotope ratios in regime. We also compared our
results with the results of the HBT. In addition, a stiatidlly significant diagnostic
cut-off point of the**CO, isotopic enrichments in exhaled breath was determined to
obtain an insight into the diagnostic efficacy '8€-GBT methodology to identify
SIBO.

6.2 Materials and Methods:

6.2.1 Subjects

The present study waapproved by the Ethics Committee Review Board of
AMRI Hospital, Salt Lake, India (Study No: AMRETHICS/2013/2). Administrative
approval (Ref. No: SNB/PER-6001/1314/1769) from the S. N. Bose Centre,
Kolkata, India was also obtained. All patients gavierimed written consent prior to
the participation in the present study. A total of 118 patients (74 male, 44 female, age:
23-75 yrs) with diarrhegredominant IBS diagnosed according to the symgtased
Rome Il criteria were enrolled in the present gtumhd subsequently all these
subjects with suspected SIBO were considered for#8eGBT to explore the
simultaneous measurements '€ 0,/°CO; isotope ratios and Hconcentrations in
exhaled breath samples. Each subject filled in a set of Rome Il questionnaires before
the *C-GBT, which allowed interpretation of IBS stype as this has previously
been employed and recommentedHowever, subjects were excluded from the
present study if they had begaking antibiotics, proton pump inhibitors during the
preceding four weeks of the study, colonoscopy within a week before HBT, treatment

with drugs that interfere with gastrointestinal motility, or if they had a previous
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history of prior gastric surgeryooosive injury, systematic sclerosis, diabetes, liver
cirrhosis, COPD, smoking and taking any medication that hamper the glucose

metabolism.

6.2.2 Breath Sample Collection and measurements

The subjects underwent thi#c-GBT protocols after an overnight fast (~12
hours) by ingesting a drink containing 50 ig-labelled glucose (CLM.396CTM,
Cambridge Isotope Laboratories, Inc. USA) with 50 g normal glucose dissolved in
250 ml of water. A baseline breath sample was collected in a 750 ml breath collection
bag(QT00892, QuinTron Instrument Co. USA) before the administration of e
enriched substrate. Additional breath samples were then collected at 15 min intervals
for 180 min for the measurements'8€0,/*2CO, isotope ratios by a higprecision
laserbasedsotopic CQ analyzel{CCIA 36-EP, LGR, USA], working on principle of
cavity enhanced techniqgudhe CQ spectrometer, its feasibility test and standard
procedure for higlprecision isotopic breath GOmeasurements in retime have

been described iappendixA.

The'*CO; enrichment irbreaths a mp 1 es i s us u*CIndtafioninpasts e s s e d

per thousand (or per mil, %)
613(: (%0) = (Rsample/Rstandara'l) %1000

Where, Rampie is the *C/*C isotope ratio of the sample andyRiaqis the
international standard Pee Dee Belemnite (PDB) value, i.e. 0.011Z8é2CQ

isotopic ratios in breath samples aresually reported @ the delteoverbaseline

(DOB), i.e.pos™"C %0.A1 1 experimental r oo Cld vavars e
which refer tothe pog-baseline and baseline relatioh*CO,/**CQ; isotope ratios in

exhaled breath samples.

[8008-°C (%0)] t=tmin = [623C (%0)] t=tmin- [63C (%o0)] t=omin

All breath samples were repeated. However, the measuremengscohéentrations

in ppm were carried out by Gastrolyzer and patients were instructed to blow directly
into the B measurement equipment (Gast@astrolyzer, Bedfont Scientific Ltd.
Model No: CE0086). At first, fasting breath hydrogen was estimated andtliben
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measurements were done at 15 min intervals for 180 min following ingestid@-of
enriched glucose. The average of three values was taken as basal breath hydrogen test.
13C-GBTs were performed under absolutely blind conditions with no knowledge of
HBT results.The detailed protocol followed in this study is shown irufeg61. It

should be mentioned here that during the test, any kind of food, drink, smoking or
physicalexercise were not allowed. The subjects also washed off their mouths before
ingesting the*C-substrate to avoid any kind of contact of the test substrate with the
oral bacteria. Furthermore, the subjects also received instructions not to ingest cane
sugar corn, corn products, during the last few days beforé¥B&BT to avoid the
naturally enriched®C items and also not to take slowly absorbed carbohydrate (like
bread), leafy vegetable, legumes and fiber on the previous night of the test to reduce
thebasal H level.

v

“C-Glucose Breath Test
("C-GBT)

Figure 6.1 The flow diagram representing the steps of the procedure followed in this

study.
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6.2.3 Statistical Analysis

Non parametric statistical analyses (Mafiitney Test), onavay ANOVA
analyses were performed to assess the breath teks.rd$ie data were expressed as
mean = SD. Box and whiskers plots were utilized to demonstrate the statistical
distribuekiCésn vafl uds 1 n exhaled breath s a
expressed as the cumulative percentage doséCafecorved (ePDR%) in breath
samples after correction for variability of endogenous, @@duction caused by
different BMRs in individuals. Data analysis was performed using Origin Pro 8.0. A
two-sided p value < 0.05 was considered to indicate statistical significance.

6.3 Results and Discussion:

6.3.1 Validation of 13C-GBT for diagnosis of SIBO

Figure 2 depict s t he excrgb5t13€%onvd<lim@$iwnq;a
concentrations in exhaled breath samples for n=78DB&&tients after ingestion of
3C-enriched glucose. In thersdi series of experiments, we have investigated¥be
GBT on 78 patients where the test is considered positive SIBO if the basal value of H
is < 5 ppm and t heg exceedng 20 ppmovithinH@ mim asa k o f
previous studies suggested thabjects with this consideration is a very likely to be
indicative of a positive test restfit We observed that in case of IESindividuals
with positve Hbr e at h t ¢ S[$0513¢%0:Q5Dl,16 ¢ hendbreath s a
more compared to the IBB patients with negative tbreath test (n=53).
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Figure 6.2 The excretion kinetics profiles ofabos™’C

concentration of K (ppm) for SIBO positive (n=25) and SIBO negative (n=53)IBS

40

—
h
|

—8— "C-GBT Positive (n=25)

—A— BC.GBT Negative (n=53)
—&— HBT Positive (n=25)
=@— HBT Positive (n=53)

- 30

- 20

- 10

-0

| [N DN D DN R B B |
0 15 30 45 60

subjects. Error bars correspond to 1 SD.

Consequently,
after 45 min between IBP individuals with positive and negativié, breath test,

demonstrating

was previously reported that under physiological circumstances, glisgosadily

there

75 90 105 120 135 150 165 180 195
Time (min)

( %o)

t hD@BlSCn%e avsaulrueense nit 18

=
=]
.;
~
|-
=
—
& E
= o
o &
Q‘-{\.
g =
S
& ©°
=
1
=
@)
and

chang

brfe adt h s a

alternative diagnostic tool for the namvasive detection of SIBO in IBB patientsit

absorbed in the small intestifelt is initially decomposed by anaerobic bacteria into

shortchain fatty acid (SCFA), Chydrogen ad even deconjugate bile acid as a part

of the fermentation reaction if there is a bacterial overgrowth in the small intestine.

This may contribute to the pathogenesis of diarrhea in patients with SIBO, as

suggested recently by Ghoshetl al*. However, in our observation, a significant
decrea[sgg;BC%hfvaﬁl ues

(negative HBT), is attributed to the fact that a small parf@fenriched glucose is

1 n

br e at h -Dspatients Iwiths
suspected SIBO (positive HBT) compared with iBSpatients without SIBO

1 n

fermented by bacteria to produ¢& 0O, which mostly remains unabsorbed in the

intestine and as a result, comparatively fé€senriched glucose would be available
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to the cell to oxidize it to producBCO; in the exhaled breath. Although the exact
mechanism of these observations is not yetwkn, however, our findings suggest that
the IBSD patients with suspected SIBO could clearly be distinguished frorDIBS
individuals without SIBO on the basis of isotopic enrichments of ®Cexhaled

breath samples.

Figure6.3a and6.3bdepict Boxand Whs ke r pok€t v adfied in per
and H concentrations in parts per million (ppm) at 45 min to illustrate the statistical
distribution of**CO, enrichments and the amount of ptoductions in IBSD patients

with and without SIBOWe observed hat t he mean (2.35+ 1.10
%o0) median (2. 63 % ~quanile rasges §2.52 8 %o§ %oa mdr § mg
7.131 0 . 40%3@313(30%‘5 vial ues decreased s i @Owithficant
SIBO patients compared to the HEBwithout SIBOpatients, indicating the potential

of high-precision measurements 8fCO,/*?CO, isotope ratios as an alternative

methodology to accurately diagse of SIBO in IBED patients.

20
(a) g
154 g
£ g
e’
10 < =
o g
- 2 £
_ *]
& b
SR gz 3
N
04 =
— T T T
SIBO Positive SIBO Negative SIBO Positive SIBO Negative

Figure63( a) and (b) show stati $diCE&) | wasiugrsi
and change in hydrogen concentrations above the basal value for SIBO positive
(n=25) and SIBO negative (n=53) IH3 subjects at 45 min. Scattered points,
represented as diamonds and circles correspond to actual experimental data points

We subsequently determined the cumulative percentage doS€&-oécovered (e

PDR %) at 45 min in exhaled breath samples for both positive and negative SIBO
patients. We applied the Kleiet al*® equationfollowing correction of endogenous
CO;, production o calculate the -€DR % in breath samples and subsequently the
results are illustrated by Box and Wkers plots as shown in figuésta ands.4b.
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0.30 = (b)
0.25 =
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Figure 6.4 (a) shows statistically insignificant (p=0.16) difference of endogenous
CO, production rates related to BMR between iB$atients with and without SIBO.

(b) A statistically significant difference (p<0.001) is observed #®0OR(%) in
exhaled breath samples between the two groups eDIp&tients at 45 min after
ingestion of*C glucose. Scattered points, represented as diamonds and circles

correspond to actual experimental data points.

Although there was no statistically significant difference of endogenous CO
production rate, but a marked difference ¢1@R (%) values betwedBS-D patients
with and without SIBO exhibited the evidence of bacterial overgrowth and thus
confirmed the clinical feasibility of th€C-GBT in the diagnosis of SIBO in IBB

patients.

IA

Our observations also suggest that an optimabcfitf 1 epwedd %o ovfa 18u e
5.47% at 45 mi nsitive SIBJ, asdepictadtini figueeSs dhe cuipfd
point was found to begreater than 2 standard deviation (SD) from the means of
S0t C % values of SIBO positive and SIBO ne
falsepositive or falsenegative results of’C-GBT for the diagnosis of SIBO were

lower than 2.3% using theeatf f value of 5. 47 % at 45 min.
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Figure 6.5 illustrates the opmal cuto f f | @@ % vaafl uee < 5. 47 % a
and 9.42% at 60 min. The values are well

means for the both groups of HESpatients at 45 min and 60 min, respectively.

We can also take a cutf f v a 1l u cat 60 fnin t .digclndinate positive and

negative results, as shown in figusé.

6.3.2 Discriminatory results between 13C-GBT & HBT

In the second series of studies, we explored the excretion profiles of
SposC % v al u e sD patients [nB 80) whose sHtoncentrations in exhaled
breath samples were in the range & Bpm at 45 min after ingestion bC-enriched
glucose. As there was no significant increase pfit vel s ( t-B2mppm)al 1 y
above the basal value (whi c hshouwldamot be 5 pj
considered as a positive syndrome of SIBO, according to the previously reported
observation®!* Ho we ver , we observed a ﬁo@lsic%o inter
values in our results; all these patients followed the similar excretion profiles of
SooetC % values wiaflBS-D patentppresefiting as ptive SIBO, as
depicted in figure6.6. At standard postherapy, all patients exhibited marked
improvement in symptoms, thus suggesting the faéggative results of the hydrogen

breath test for this group of patients.
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Figure 6.6 illustrates a group of IB® (n=20) patients (H level: 38 ppm) follows
the similar expel®t(i%)n walttes ni mfexhal ed
detected SIBO positive patients (n=25), indicating the false negative results of HBT.

Error bars correspond to 1 SD.

It was previously reported that many individuals have -imgairogenproducing
colonic bacteria and hydrogen consuming bact&ian such situation patients do not
excrete hydrogen but can produce other gdsesnstance, C@as a part of the
fermentation process. TherefoildBT may not always be useful for the diagnosis of
SIBO. Moreover, our findings suggest that HBT can also underestimate the presence
of SIBO. In this context, some authors have also sugdebat lactulose HBT might

be useful for the cases of "ntwydrogenproduction” individuals. But recentlyJ. C.
Ghoshalet al® demonstrated #t lactulose HBT may not be appropriate for the
diagnosis of SIBO, in Asian populations, more specifically in Indian patients because
of shorter moutho-cecum transit time. However, our highecision measurements of
SposC% values 1in e ek afterdngestibnr ofG-entiched gluegse
correctly diagnosed SIBO in IBB patients (n=20), suggesting it a valid and
potentially robust approach for the nmvasive detection of SIBO, when HBT fails

to diagnose of SIBO.
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6.3.3 Inconclusive results of HBT

We subsequently investigated the efficacy*-GBT on a portion of IBD
individuals (n=20) whose Hevels were in the range of -&D ppm above the basal

value following ingestion of 13@belled glucose, as shown indig6 7.

g 30 12
=N O 'Grey Zone' HBT Result (n=20)
& 13 NA'A%
= 25 W Corresponding ~~ C-GBT Result (n=20) 10
S v .
g 2 vV v 2
E A ] V V —8 =
= /IV V'V O
2 15 / //-/ V| =
S Ay -6 &
o /I /II/%/./ ................................ oog
= 10 S40AY = 5,,,"C (cut-offy= 5.47%o
F . -4
v 4

5
2 v Vv
2 -2
S 1 j

"Grey zone" Patients "Grey zone" Patients

Figure 6.7 s hows greyh e n é” of hydr og e20 ppompabave nt r at
basal value for n=20 IB® patients and their correspondingos°C% v al ues f o
13C.GBT. 11 IBSD patients are above and 9 IESpatients are below the coff at

45 min assessed BYC-GBT. Scatteregboints, represented by squares and inverted

triangles correspond to actual experimental data points.

When the Hlevels in exhaled breath fall in this region {20 ppm), the test result is
considered a "borderline positive" or may be termed as “goag' result. Sometimes

it is very critical to correctly diagnose SIBO if the Hvels are very close to the
selected borderline (i.e. 12 ppm in most cases for HBT) or within the "gmyne”

and consequently the results of HBT remain debatable and affectdiagnostic
accuracy of SIBO. Therefore, the measurements,déV¥els in breath samples within

this area should carefully be interpreted. This "ggeye" may contain unreliable
results which accounts for instinctive variations oflélels in breath amples after

the glucose load, patient's metabolisms and considerable heterogeneity of symptoms
as well as the limits of the analytical precision of iHeasurements. Furthermore,

many IBSD patients may fall in the 'greyone " when the 8d BO i s
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2

on or individuals are at the onset of ne
it is still controversial when or how to recognize IBS patientasét for SIBO or

during the preclinical phase of SIBO, therefore an accurate, fastpregtsion alog

with ultra-sensitive measurements of &t isotopic CQ in reattime prior to the acute

onset of SIBO remains a challenge.

Figure 68 (a) and (b)show that whenthe H e vel s are at the “bor
the "greyzone", the significant level of thetatistical analysis of Hconcentrations

between positive and coff value for HBT is degraded (p = 0.24) compared to the
statisticgd C%h ecmeds uvorfe m&nt s ( pe-GBTOand f or n
p<0.001 for positivé*C-GBT) in breath samples

20 = *

p=0.24 v 12 | o )

18 = 10 -

16 =

J T

12 =

2

13

8,05 C (%0)
=2
1

Chamge in H, concentration (ppm)

5.47 %o

T R Nt R 44
10 ppm m
§ = 2 -
I I 1 ) 1 13
'Grey Zone' HBT Result 'Cut-off' for HBT Positive 13C-GBT  'Cut-off  Negative “C-GBT
(Grey Zone) for °C-GBT  (Grey Zone)
(a) (b)

Figure 6.8 (a) and (b)showH, concentrations between positive and negative SIBO
patients is degraded (p=0.24) compared to the statistical leveldet>C %o
measurements (p=0.03 for negati’€-GBT and p<0.001 for positiv€’C-GBT) in

breath samples fromrey-zone patients.

I'n the presg@BﬂS(ﬁ%os\talldtsttihrB Wreath samples
precision or accuracy of £0.25%, whereas
measurement system is within £10%. This indicates that when andualivs just at

the onset of SIBO orthe,H e vel is at the “wone"dHBf 1l i ne?”
may not be an appropriate diagnostic tool for accurate diagnosis of SIBO. However,

our findings suggestpoet%tv atlhue snciswnsofilr eane m
+0.25% in breath s am@lhbelled gludoseccan piedisely s t i o
diagnose the evidence of SIBO in HESpatients, thus validating the widespread
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clinical efficacy of the'®*C-GBT in the diagnosis of SIBO and proposing also the
methodlogy to be suitable for early diagnosis and foHop of SIBO patients in

routine clinical practices or daily decision making method.

6.3.4 Prevalence of SIBO

Finally, we explored the prevalence i.e. percentage of SIBO irDIp&tients.
In this study, the prelence of SIBO was estimated to be 45.7%. Table 1 illustrates
the investigations on SIBO in patients with BSfrom India. Some earlier studies in
Indian populations demonstrated that the frequency of SIBO in IBS patients was in

the range of 7.1%*®**®exclusively assessed by HBT.

Table 6.1 Summary of prevalence of SIBO in IBS patients in Indian population

Diagnostic No. of IBS’ Percentage of SIBO References
Methods Patients in IBS Patients
"HBT 225 11.0% Ranaet al'®
"HBT 69 13.0% Guptaet al*’
"HBT 148 7.0% Ghosaletal™.
S13C.GBT 118(1BSDF) 45.76% Present Study

[Male-47.29%;
Female 43.18%)]

"HBT- Hydrogen breath test*C-GBT- *C-Glucose breath te<tIBS- Irritable
bowel syndrome”; SIBO- Small intestinal bacterial over growthiBS-D- Diarrhea
predominant irritable bowel syndrome.

However, the present study is the first experimental demonstration showing that
patients with IBSD from India have a higher prevalence of SIBO assebgedC-

GBT, compared to some earlier studies in Indian populations. It should be pointed out
here that these previous studies in Indian populations were carried out for the
diagnosis of SIBO using the HBT methodology. Because of numerous intrinsic
drawback, and limitations of the HBT as mentioned beforehand as well as
demonstrated in the present study, the previous investigations in Indian populations

could possibly have underestimated the frequency of SIBO in IBS patients. However,
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utilizing the *C-GBT, SIBO turned out to be more prevalent in {BSpatients in
Indian subjects, thus suggesting a potential link betweerDIBfatients and SIBO
symptoms.

6.4 Conclusions

In this chapter we have demonstratée clinical feasibility of a novel**C-
gluocse breathest (*C-GBT) by measuring higprecision *CO,**CO, stable
isotope ratios in exhaled breath samples in the diagnosis of small intestinal bacterial
overgrowth (SIBO) in diarrhepredominant irritable bowel syndrom@BS-D)
subjects. We have shown th&C-GBT methodology can accurately diagnose the
presence of SIBO even whe'n oS BaOt itsh ej uosnts
syndrome as well as when the patients do not produce hydrogen, thus making it a
valid and potentially robust alternative nimvasive dagnostic approach for the
detection of SIBO and is superior to the widely used hydrogen breath test (HBT). We
also observed a higher prevalence of SIBO in-IBfatients, thus indicating a strong
association between IBS patients and SIBO symptom@ur findings also suggest
that the present®C-GBT methodology could routinely be used in many clinical
settings or laboratories for diagnostic assessment of SIBO in aryses of IBS

patients when HBT fails to diagnose of SIBO
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Summary and Outlooks

In this thesiswe have demonstratdtie development of anid IR continuous
wave(cw) externalcavity (EC) quantum cascade lag€)CL) based cavity ringlown
spectromete(CRDS)and its applicatiomn trace gas sensing including the studies on
high resolution revibrational molecular spectroscopylhe extremely narrow
linewidth, wide tunibility with modéhop-free operation features of the EZCL in
the mid IR spectral region allowads to accesstrang fundamental bands of the
analyte molecules witkignificantimportance in biomedical and atmospheric science
Furthermore, the dire@h situ measuremestof high resolution spectigarovide us the
guantitative absorption of trace species with numerqexctescopic parameters
which havealso substantial importance fundamental molecular spectroscopy.
Additionally, the isotope selective measurement of exhaled breatregsloiting the
cavity-enhancedechniqueopens up a new area of research in-imwasive diagnosis
of differentgastrointestinahnd metabolic disordesich as small intestinal bacterial
overgrowth (SIBO). Moreover the optical cavity basedechniqueremoves the
discrepancies of hydrogen breath testich is commonly used fononinvasive
diagnosis of SIBO in routine clinical practice.

In the first chapteof the thesiswe have discussed about fundamentals of infrared
molecular specoscopy, different spectral feas such as spectral line width and
various typeof broadeningmechanism withtheir origin. Then we have discussed
aboutboth the common spectroscopic and-spectroscois detection techniques for
monitoring thetrace molecularspecies in exhaled human breath and atmosphere
Simultaneouslythe importance of monitang of those moleculem biomedical and

environmental studies have also mentiometthis chapter.
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The lkasic principle of cavity ringdown spectroscopy with its advantageous features
over other conventional spectroscopic techniquesdlustrated in chapteR. The
stability parameters with construction of higlnesse stable optical cavity to perform
such high sensitive experiment aneluded in this chaptePropagation of a Gaussian
beam inside thecylindrical cavity, cavity mode sticture and the overlapping of
cavity modes with laser frequency in both the pulsed CRDS @amdCRDS
experimentare also incorporated in this section. Morepwedescription of Allan
Variance analysis whicdemonstrates the stability of the optical cawtyew-CRDS

experiment is also included in this chapter.

Nitrous oxide (NO) is a key example of trace molecular species in environment and
considered as most important greenhouse gas responsible for global warming as
well as climate change by destrugtithe ozone layers in stratosphere. In chapter

we have demonstrated tldevelopment of aMHF-EC-QCL based higitesolution
cw-CRDSinstrumento p e r at i n g fartdire@ quantitafive ln@asurement of
atmospheric nitrous oxide in different periodstod day in a variety of environments
involving different source of local pollution. Our experimental results show there is a
significant change in PO concentrations in different sw#veas depending on the

source of local pollutant

There is a motivatioto measure the trace molecular spesigsh ashitric oxide (NO)

and carbonyl sulphidevhich are considered asiologicaly important molecules
associated with different types of gastrointestinal and metabolic disorders in human
subjectsas described in epterl. Moreover, NO and GH, are anothetwo trace
molecular species play the essential ial@tmospheric pollutionln chapter-4, we

have demonstratetthe simultaneous monitoring of multiple trace molecular species
such asNO, OCS, NO and GH, in arelatively small tuning range of0-05 cni
using the same EQCL basd CRDS systemUsing thedevelopedspectrometerthe
trace detcion of those molecules waserformed in exhaled human breath as well as
in atmospheric samm@eA good agreemer@mongtheir measured concentrations with
their typical concentration in exhaled human breath and atmosphere sdgtiest
potential applicability of the CRDS sensor both in biomedical and environmental

science for measurement of trace gas analysis.
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Moreover, cébonyl sulphide QCS is a molecule with astrophysical interest and the
weak hot band transition ir2 vibrationalstate has not yet been explarét$ing our
developedCRDS systenithe doublet structures of OCS have been studied for J=22 to
J=29 rotationklines for (140 )  <20)(rovibrational transition and subsequently,
the splitting constant, vibrational transitional dggohoments, rotational constants and
centrifugal distortion constants for tfeand f substates of the particular (42)
vibratiomal state have been calculatedchapter5. Thesemeasurementsuggest the
application of EGQCL based CRDS system for higésolution spectroscopy study
The work has been extended fbe measurement of natural abundance of two other
isotopolouges of OC$e. °0'*C*'s and*®0™C**s in standard calibration ga®ur

new experimental data will be helpful for fundamental understanding of linear
polyatomic molecular properties and hyperfine structureisesf isotopologues

In chapter6, we have demonstrated the development of an alternativéenaasive
13c-Glucose breath test methodology by measuring¥86,/**CO, isotope ratios in
exhaled breath exploiting a cavignhancedtechniquefor diagnosis of SIBO in
diarrhea predominantritable bowel syndrome patients. The present methodology
overcoms the drawbacks ohydrogen breath test which is widely used for non
invasive diagnosis of SIBO in IBS subjects. Beside #iatGBT methodologyis
enough capable to diagnose the IBS subjedtis 1IBO when the infection is just
switchedon or at the onset of the syndrome. Thus presgthodology is a valid and
potentially robust fodiagnosis of SIBO andan be employed fdarge screening of
SIBOin IBS patients.

Thus the present thesis waelkucidates the versatile applications of thiel IR cavity
enhanced absorption techniques such as CROffomedical diagnosticas well as
environmental applicationsThe accurate and nenvasive diagnosis of different
physiologcal disorders by monitarg the trace components in exhaled breath
exploiting CRDS techniquesmay pave the way foopening new strategiga next
generationmedical diagnosisMoreover the mid IR cwEC-QCL based CRDS
technique enriched the atmospheric researamdayitoring thetrace constituentaith
their isotopesvhich are responsible for pollution in atmosphekmngside the high
resolution spectroscopic featurestbé molecular absorption enabled us to explore
the new spetroscopic parameters which are helpful for undediteg of fundamental

molecular spectroscopy and molecular properties as well.
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CO2 and 12CO; isotope Analyzer:

A high resolution C@ carbon isotopeanalyzer exploiting the cavity enhance
absorption spectroscopy technique was utilized for high precision isotopic
measurement of breath GOn brief, the lasebased C@spectrometer (CCIA 3&P,

Los Gatos research, USA) comprised of a Highsse optical cavity (~59 cm) with

two high refleavity mirrors (R ~ 99.98%) at the both ends of the cavity. This
arrangement provides an effective optical datigth of around 3 km through the
measuring gas sample, thus offering a kpgécision measurement. A continuous
wave distributed feedback diotlea s er operating at ~2.05 pum
20 GHz to scan the absorption feature$?6°0°0, °C*%0'°0 and**c**0™0 at the
wavenumber of 4878.292 ¢m4878.006 critand 4877.572 cth respectively.The

cavity of the spectrometds regulated at 46C by a resistive heater and feedback
control system. A typical pressure of 30 Torr is maintained inside the cavity through a
diaphragm pump. A solenoid valve along with mass flow controllers are used to
control the flow of samples ird® the cavityThe absorption features &C*°0™0,
12c180%0 and*c'®0®0, corresponding to the R (34® (32)and P (12e) rotational
lines respe cisif[@001)y—1)ivibrationhl éomBbinational band of
CO,, have been utilized to measutke *C/*°C and '®0/*°0O isotope ratios
simultaneouslyThe HITRAN simulation of the above mentioned absorption line of

CO; isotoplogues is shown indure Al

The transmitted laser intensities were recorded by exploiting a photodetector after
passingthrough a breath sample of interest. Absorption was determined from the
measurement of voltage from photodetector
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HITRAN Simulation
80 = : 0.05¢ 12 16,16
CO2 0.05% c’0"0
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e 16
X 60 = H O
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Figure A1 HITRAN simulation of C@isotoploguesi.e. *3C*0"0, **c*¥0*0 and
13c%0%0 corresponding taR(34), P(32) and P(12) rotational lines of 2 w+ ¢
combination band with peak centre 4878.292cmi*, 4877.572cmi* and 4878.006

cmi* respectively

BeerLambert law was utilized to calculate the concentration after integrating the
absorption spectrum. THECO, and C®0'0 enrichmers in samples araisually

expres?@adn&ﬁo}ﬁ)o&ation in parts per thousanc

513C %00 :samﬁle/sztandard'l) %1000

5%0%, = sarhpldRstandara1) 1000

Where, Rampieis the'*C/**C and*®0/*°0 isotope ratis of the sample and Rndarsare

the international standard Pee Dee Belemnite (PDB) saiue 0.0112372and
0.0020672espectively fo'*C  a 1°@ measurementdhe manufacturer specified
precessions’ f 83C ma¥s vdrreeme.t1 % fa nd 1 %o, r
However, The accuracy and precision of the instrument were verified by repeated
measur ement s of threel3C<%(a1ViaHm7.w2tsi8d%ai 2% ndar
& 7. 33 % (Cambridge I sot opper elca barat oorfy , 0 .&
achieved
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