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Chapter 1

Introduction

1.1 Background

In 2001, Sjoholm et al. published an article on the analysis of gas inside scat-
tering media by the use of tunable diode laser absorption spectroscopy [1]. This
was the first time the GASMAS method (gas in scattering media absorption
spectroscopy) was mentioned. Since then, the technique has been used for a
long line of applications. The GASMAS technique can be used to study diffu-
sion properties in different materials, for example wood and fruits [2, 3]. The
porosity of pharmaceutical tablets could be measured by studying the GASMAS
signal and correlating it with time-of-flight spectroscopy. Drying processes of
wood have been studied [4]. A number of medical applications have been devel-
oped, for example measurements on the concentration of oxygen in the sinuses
for diagnostic purposes [5]. There have also been feasibility studies to find out
if it is possible to monitor the oxygen concentration in the lungs of premature
neonates, with positive outcome [6]. Non-intrusive measurements of food pack-
ages constitute another application that has been studied [7]. A review for the
GASMAS technique can be found in [8].

In the very first article on GASMAS [1], there was a sentence mentioning
expected additional wall-collision broadening in the case when gas was confined
in very small pores:

”In the limit of very small (nanometer-scale) enclosures of free gas,
additional collisional broadening and shifts of diagnostic value can
be expected.”

The wall collision broadening has previously been studied in the case of micro-
wave spectroscopy at very low pressures [9, 10, 11]. In this regime it has been
shown, theoretically and experimentally, that there is an additional line broade-
ning effect due to molecular collisions with the walls of the container, and that
this broadening effect can be observed when the mean free path length of the
molecules is comparable to the size of the container. In these articles, this was
achieved by measuring at very low pressures with gas cells of the centimeter
range. When performing GASMAS measurements on scattering samples with
nanometer-sized pores, the mean free path length of the molecules at atmo-
spheric pressures is comparable with the size of the pores. This gives a great
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1.2 Scope

opportunity to study the line-broadening mechanism closer, which has been
done in [12, 13].

The wall-collision broadening is a quite unknown effect in molecular spec-
troscopy, and has not been examined very much. The line shape of the absorp-
tion lines due to wall collision is not a Lorentzian function or a Gaussian, which
is the result of the pressure and Doppler broadening, but some other unknown
line shape. The physics of the line-broadening effect due to wall-collisions is thus
different compared to broadening due to collisions between molecules (pressure
broadening). The effect is extremely interesting from a physical point of view,
but there may also, in the future, be applications to the method. For example,
the method may be used to measure the pore size distribution in nanoporous
materials.

1.2 Scope

The primary goal of this work was to study the line-broadening mechanism of
absorption lines of gas that is confined in nanoporous materials. Another goal
was to try to perform GASMAS measurements on carbon dioxide inside heavily
scattering ceramics. A setup for measuring GASMAS on the molecular oxygen
already existed when this diploma project began. A few modifications to this
setup were performed. For instance, the program for sampling and analyzing
measurement data was modified to automatically stop the averaging process
when the resulting averaged signal was good enough, and the gas control system
was modified so that the chamber could be filled with other gases than air, for
example Ny or pure Oy. A setup for measuring on water vapor in ceramics
was built, but unfortunately, the laser broke before any measurements could
be performed. Another setup was built to measure on COs, and preliminary
measurements have been performed on COs in polystyrene foam and porous
ceramics.

1.3 Outline

This report is divided into nine chapters: Introduction, absorption spectroscopy,
tunable diode laser absorption spectroscopy (TDLAS), gas in scattering media
absorption spectroscopy (GASMAS), instrumentation, pressure dependence in-
vestigation, measurements, discussion and summary.

Chapter 2 describes the basics of absorption spectroscopy. The structure of
the energy level diagram is discussed, then the Beer-Lambert law is presented,
and, finally, the line shape of absorption lines and different broadening mech-
anisms are discussed. In chapter 3, the basics of TDLAS, which is a specific
type of absorption spectroscopy, is presented. There is also a section about
diode lasers, which constitute a vital component in TDLAS, and about different
types of diode lasers and their advantages and disadvantages. Then, in chapter
4, the GASMAS method is discussed. This is a special type of TDLAS, which
studies gas inside scattering media using TDLAS. The focus of this chapter is
on GASMAS performed on nanoporous ceramics.

After the chapters about the basic theory of the methods used in the diploma
project, chapter 5 describes the instrumentation that has been used in the ex-
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Introduction

perimental work. First, three different setups for measuring on Oz, HyO, and
COa, separately, are described. Then, there is a description of the gas control
system. After that, the results from system performance verification measure-
ments on the setup for Oy are presented. Finally, there is a description of the
program for automatic determination for the number of averages during the
measurement process, and the results of these measurements.

In chapter 6, measurements are performed on macroporous materials, to
make sure that the extra line broadening that can be seen at low pressures is
due to wall-collision broadening and not to some other line broadening effect
or instrumental factor of the system. When measuring on polystyrene foam, it
became apparent that the diffusion of gas out of polystyrene foam is slow. This
lead to measurements on the diffusion of gas out of polystyrene foam at low
pressures. Then, measurements are performed on a macroporous material with
fast diffusion to check the line shape at low pressures.

Chapter 7 shows the results of the measurements on line broadening of O-
in nanoporous zirconia. Then the results of the GASMAS measurements on the
COg in polystyrene foam and porous ceramics are presented. In chapter 8, the
results of the measurements are discussed. Finally, chapter 9 summarizes the
report and suggests future work that could be performed extending the present
work.
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Chapter 2

Absorption spectroscopy

This chapter will describe the basics of absorption spectroscopy. First, there
is a section describing the structure of the energy level diagram in molecules.
To simplify the derivations, the description will be concentrated on a diatomic
molecule. After that, there will be a part about transition rules between different
states in the energy level diagram. Next, the basics of the Beer-Lambert law
will be explained. This law relates a connection between the strength of the
absorption of light, the concentration of absorbing molecules and the length of
the absorption path and is the most common method for analyzing absorption
signals. Finally, there is a section on the broadening of absorption lines due to
temperature, pressure and wall collisions.

2.1 Molecular structure

The energy levels of an atom depend on a multitude of things, but the largest
contribution comes from the configuration of the electrons. A molecule is formed
when two or more atoms are bound together. The energy level diagram of a
molecule is much more complicated than that of an atom, since in addition to the
energy arising from different electronic configurations, the different nuclei in a
molecule can rotate and vibrate with respect to each other. The first step when
trying to analyze molecular energy levels is the so-called Born-Oppenheimer
approximation. This approximation says that since the nuclei of the atoms are
much heavier than the electrons and move much slower, they can be assumed
to be fixed when considering the electronic movements [14]. This means that
the total energy of the molecule can be assumed to be equal to the sum of the
the energy due to electronic configurations and the rotational and vibrational
energy of the nuclei, according to equation (2.1) [15].

Etotal = Eelectronic + Evibrational + Erotational (21)

The largest energy contribution comes from the electronic configurations.
Energy levels with different electronic configurations are normally separated by
a few eV, which gives rise to transition in the visible-UV range. For each elec-
tronic configuration, there are a number of rather closely situated energy levels
corresponding to different vibrational states of the nuclei. The separation be-
tween different vibrational states is around 0.1 eV, corresponding to transitions
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2.1 Molecular structure

in the IR region. The vibrational states are in their turn split into closely spaced
levels corresponding to different rotational energy of the nuclei, which are sep-
arated by a few meV, which gives transitions at frequancies in the microwave
regime. This means that the structure of the energy level diagram will look
something like in Figure 2.1.

E Electronic Vibrational Rotatioal
states states states

_— ~0.1 eV ~0.001 eV

Figure 2.1: Schematic of the energy level structure of a diatomic molecule. The
electronic states are divided into many smaller vibrational levels, which are in
turn divided into many smaller rotational levels.

The theory for the energy levels of a molecule becomes much more compli-
cated for polyatomic molecules. In this section, the theory for the energy level
diagram of a diatomic molecule will be described. The energy level structure of
polyatomic molecules is described in [15].

2.1.1 Electronic states

The configuration of the electrons of a molecule is a large contribution to the
energy of the molecule. The energy arising from the electronic configurations
in a molecule is mostly dependent on the distance of the electrons from the
nuclei. Furthermore, there are also energy contributions from the orbital angular
momentum and the spin of the electrons [15].

In atoms, the electrons move in an electric field from the nucleus which is
spherically symmetric, and the orbital angular momentum, L, is a constant of
motion. In a diatomic molecule, there is a cylindrical symmetry instead, which
means that the projection of the angular momentum on the symmetry axis,
which is represented by the quantum number My, will be a constant of motion.
It can be shown that states with different | M |-values will have different energies
[14]. This gives the basic energy of the electronic states of a molecule. The states
are denoted with A as

A =| M| = 0(2), 1(IT), 2(A), 3(D), ... (2.2)

The states with |Mp| > 0 have a double degeneracy, since, e.g., the states with
My, = %1 have the same energy. If there are more than one electron, the total
M7y -value for these electrons is given by the absolute value of the sums of the
different My, values [15].
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Absorption spectroscopy

To characterize the electronic state, the spin of the electrons also needs to be
considered. As was the case for the orbital angular momentum, the projection
of the total spin on the symmetry axis, Mg (denoted with X), will be a constant
of motion and can have 25 + 1 values.

The projection of the total angular momentum of the electrons on the sym-
metry axis, normally called €, is given by Q = |A 4+ 3|. Since A and ¥ point in
either the same or opposite directions along the symmetry axis, €2 is either the
sum or the modulus of the difference between ¥ and A.

2.1.2 Vibrational energy

The potential energy of a diatomic molecule depends on the distance r between
the nuclei. A simplified explanation of the energy is that the nuclei are attracted
by the electrons around the other nuclei, but if the nuclei are too close, they
will repel each other. The potential energy for the nuclei at different distances
from each other can be described by a Morse potential; see equation (2.3). Here
FE is the potential energy, D, the dissociation energy of the molecule, a is a
constant, different for different molecules, and rq is the equilibrium distance of
the nuclei, which is the distance where the energy of the molecule is minimized.

E = Do(1 — e~ (r—ea) )2 (2.3)

The nuclei of the molecule will vibrate with respect to each other around the
equilibrium distance. For lower vibrational energies, the Morse potential can be
approximated with a harmonic oscillator potential; see Figure 2.2. This means
that the energy of the vibration will be the given by the energies of a harmonic
oscillator, according to equation (2.4).

Dissociation Energy

Harmonic

Morse

Energy

e
Internuclear Separation (r)

Figure 2.2: The Morse potential, approzrimated with a harmonic oscillator. The
energy levels of the different vibrational states are drawn in the potential, both
for the Morse potential and the harmonic oscillator approzimation (modified

from [16]).

E, = (v+1/2)hv, (2.4)

Here F is the vibrational energy, v, is the vibrational frequency, h is Planck’s
constant and v = 0,1, 2... is a positive integer. For higher vibrational levels, the
harmonic oscillator is not a good approximation and the vibrational energy of
the molecule will be lower than the energy predicted by the harmonic oscillator.
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2.2 Transition rules

2.1.3 Rotational energy

The nuclei of a molecule can also rotate around their common centre of mass,
which will give an energy contribution to the total energy of the molecule. In
this derivation of the rotational energy, a rigid rotator consisting of two nuclei
with different mass will be assumed. The nuclei have the masses m; and mso
and their respective distances to the centre of gravity are 1 and ro. This gives
the nuclei a moment of inertia I = pr?, where u = myms/(my + ms) is the
reduced mass and r = r1 + 7o is the distance between the molecules.

Figure 2.3: In a diatomic molecule, the nuclei can rotate around their common
centre of mass

It can be shown that the energy of a rigid rotating diatomic molecule is given
by equation (2.5) [15].

E=BJ(J+1),  where B=h?/(2]), J=0,1,2,... (2.5)

If the rotation of the nuclei cannot be described as rigid, the distance between
the molecules will increase as the molecule rotates faster, causing the moment
of inertia, I, to increase. This means that the rotational energy will decrease
in the higher rotational states for an elastic rotator compared to the levels of a
rigid rotator. The energy will instead be given by equation (2.6).

E=DBJ(J+1)—DJ*(J+1) (2.6)

where the centrifugal distortion constant D < B is a positive constant.

2.1.4 Combined rotational and vibrational energy
The energy of a vibrational-rotational state is given by equation (2.7).

E = (v+1/2)hv.+ BJ(J +1) (2.7)

The vibration of the nuclei will affect the moment of inertia of the rotation.
This means that the rotational constant B will be different in different vibra-
tional states. For vibrational-rotational levels in the same electronic state, the
rotational constant will be lower in the higher vibrational levels.

2.2 Transition rules

A molecule can make a transition from one energy level to another by absorb-
ing or emitting light with the same energy as the difference in energy between
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Absorption spectroscopy

the levels. The most common type of transitions is called electric dipole tran-
sitions, where the transition happens by interaction between the molecule and
the electric field of the light.

Transitions can happen between different electronic, vibrational and rota-
tional energy levels. It is not possible to make a transition between all energy
levels by electric dipole transitions. There are special rules determining the
transitions that are allowed. In this section, the case of transitions between
different vibrational and rotational levels within a certain electronic state will
first be described. After that, transitions between different electronic states will
also be considered.

Magnetic dipole transitions are of a different type, where the interaction
is with the magnetic field of the light. This type of transition has different
transition rules than electric dipole transitions, and is normally weaker.

2.2.1 Vibrational-rotational spectra

Molecules can absorb or emit radiation when changing from one vibrational
state to another. At the bottom of the Morse potential, where the harmonic
oscillator approximation is valid, the selection rule is Av = +1. At higher
levels, when the harmonic oscillator is not such a good approximation, it is also
possible to have transitions with Av = £2, 43, etc.

Light is also emitted when a molecule changes from one rotational state to
another. It can be shown, both classically and by quantum mechanics, that an
atom or a molecule can only absorb or emit light if its electric dipole moment
is changed. Because of this, the selection rule for transitions between different
rotational levels is AJ = +£1.

Often, a transition between two vibrational levels is also accompanied by a
change in the rotational energy as well. Since the rotational constant is different
in different vibrational levels, this must be taken into account when calculating
the energy of the transition. The rotational constant in the upper vibrational
level will be called B’ and the constant in the lower level B”.

With the selection rules for vibrational and rotational transitions, Av =
+1 and AJ = =+£1, the energy for a transition between different rotational-
vibrational state is given by equation (2.8). Transitions to different rotational
states gives that the spectrum will be divided into two so-called branches, the
R-branch (for AJ = +1)and the P-branch (for AJ = —1).

AE = hy { +2B"+(3B' - B"YJ+(B'—=B"MJ?* J—=J+1 J
1 —(B'+B")J+ (B —B")J? J=J-1 J=
(2.8)
These rather long and complicated equations can be merged into a single equa-
tion by introducing a new number m instead of J. The energy of the transitions

is then given by equation (2.9).

m=1,2,3,... R — branch

m=-1,-2,-3,... P —branch
(2.9)

The relative population on different vibrational levels is governed by the

AE = hy, + (B'+ B")m + (B’ — B")m? {
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2.2 Transition rules

Boltzmann distribution (2.10).

N ¢ —~AE/ET
— = —e , 2.10
Ny g2 (2.10)

where N7 and N> are the populations on each level, g; and go are the statis-
tical weight of each level, AE is the energy difference between the levels, k is
Boltzmann’s constant and 7" is the temperature. Because of this, the R-branch
in vibrational-rotational transitions will have a little higher intensity compared
with the P-branch. Figure 2.4 shows the R- and P-branches for CO.

P R co
~_ 4e-19
€
o | |
2 3e-19
e | |
o
2e-19
>
Z | |
C
[}
£ 1e-19
0 I : ‘ ‘ “M‘\‘m
2050 2100 2150 2200 2250

wavenumber (cm'1)

Figure 2.4: The R-and-P branches for CO for rotational-vibrational transitions

[17].

2.2.2 Electronic transitions

Since the spacing between different electronic levels is much larger than between
vibrational levels, transitions between different electronic configurations have
much shorter wavelengths, typically in the visible or UV region. These transi-
tions can be combined with transitions between different vibrational/rotational
levels.

The intensity of the transitions is governed by the Franck-Condon principle.
This states that the electronic transition happens so quickly that the vibrating
nuclei do not change their internuclear distance during that time. This means
that between some levels, transitions to the vibrational state v = 0 will have
the largest intensity, while for others levels transitions to another v might be
more likely (for more detailed explanations, please read [15]).

Since the molecule must change its electric dipole moment during a transi-
tion, the electronic states for which the transitions occur influence the allowed
vibrational /rotational transitions which can occur. If the electronic states in-
volved have no angular momentum, the selection rules for the vibrational /rotational
transitions are the same as for transitions within an electronic state. This will
give the R-and-P branches in the electronic transition as well. If the transition is
between states with different angular momentum, there will also be a Q-branch,
which corresponds to transitions with AJ = 0.
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Absorption spectroscopy

2.3 Beer-Lambert law

A gas containing a certain type of molecules will absorb light at different wave-
lengths according to its energy levels diagram and the transition rules between
different levels. If light of a resonance wavelength for a certain molecule is sent
through a gas containing these molecules, the light will be absorbed. The inten-
sity of the light will then decrease as it passes through the gas. The decrease is
governed by the Beer-Lambert law

I = Ihe ?WINL (2.11)

where I is the intensity before passing through the gas, I is the intensity after
the gas, o(v), is the cross-section of the absorption, v is the frequency of the
light, N is the concentration of molecules in the gas and L is the length that
the light passes through the gas. The Beer-Lambert law also works for the
absorption of light in liquids and solids.

As can be seen in equation (2.11), the amount of light that is absorbed de-
pends on the cross-section for absorption, the concentration of the gas and the
length of the absorption path length. The cross-section has maximum values at
the frequencies when transitions are possible, according to the energy level dia-
gram and the selection rules, as was explained in the previous section. However,
the cross-section has a small width around these resonance frequencies, which
will be studied in the next section.

2.4 Lineshapes

In the previous sections the wavelengths at which a molecule absorbs light has
been explained. This has been shown to be a discrete spectrum, with the
molecule absorbing at only one wavelength in an interval and none near it.
In reality, the wavelength at which a molecule absorbs is not infinitely sharp,
but has a certain shape and width centered around the resonance frequency.
This section will go through some common types of factors that cause a broad-
ening of the absorption lines. The type of broadening that determines the line
shape of the absorption lines depends on the environment around the absorbing
molecules.

2.4.1 Natural broadening

The most fundamental line broadening mechanism, which only depends on the
molecules themselves and not on the surrounding environment, is the natural
line broadening. According to Heisenberg’s uncertainty principle, Av - At >
1/2m, an energy level that does not have infinite lifetime cannot be infinitely
sharp in energy [15]. This gives a natural broadening of the transitions to a
state with the lifetime 7. The line shape, g(v), of the absorption line from the
natural broadening is a Lorentzian curve; see equation (2.12), with a line width
given by Av = 1/277.

B Av/2m
IW) = o + (B2

(2.12)
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2.4 Lineshapes

The natural broadening is often very small and negligible compared with the
other types of broadening of a spectral line, like pressure broadening and Doppler
broadening.

2.4.2 Pressure broadening

In a gas, the molecules can collide with each other. These collisions both shorten
the lifetime of the upper level of the molecule, thereby increasing the broadening
of the absorption line, and also introduce a random phase shift in the wave
function, which also increases the line width. The line shape of this so-called
pressure broadening is Lorentzian. The collision rate depends on the pressure,
giving a broader line for higher pressures.

The pressure broadening is called a homogeneous broadening, since it affects
all molecules in the gas in the same way. The natural broadening is also homo-
geneous. A broadening effect that is inhomogeneous is the Doppler broadening.

2.4.3 Doppler broadening

The molecules in a gas at a given temperature move around with different veloc-
ities. The velocities of the molecules in the gas follow the Maxwell distribution
given by equation (2.13), where v is the velocity of the molecules in the gas, M
is the molecular weight, R is the general gas constant and 7" is the temperature.

M _ e
f) =\ g mme TT" (2.13)

Since the molecules are moving, light that comes towards them in a certain
direction will be Doppler shifted (see Figure 2.5).

17
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O AN\

vi=v (1 +TE)

Figure 2.5: The molecule moving towards the light with velocity sees a higher
frequency v = v(1 + v/c) than the actual frequency of the light.

Because of the Doppler shift, the molecules in the gas can absorb light at
other frequencies that are shifted slightly from the resonance frequency. Since
all atoms move with different speed and in different directions, the result is that
light will be absorbed in an interval around the resonance frequency. The line is
said to be Doppler broadened. Naturally, the Doppler broadening depends on
the velocity distribution in the gas. It can be shown that the line shape, g(v),
of a Doppler broadened line is a Gaussian curve, according to equation (2.14).

Vin2 e~ In2(v/Avp)?

fo(v) = NI

(2.14)
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Absorption spectroscopy

Here Avp is the width of the absorption line and is given by equation (2.15).

2W2Rm2 [T
Avp = ﬁm/ﬂ (2.15)
C

The Doppler broadening is an inhomogeneous broadening, since it is caused by
all atoms absorbing at slightly different frequencies. The Doppler broadening
depends on the temperature and the molecular weight and on the frequency
of the transition. For transitions in the near-IR and relatively light molecules
(like O2 and HyO) at room temperature and atmospheric pressure, the pressure
broadening is normally the most dominating broadening effect and the line shape
is approximately Lorentzian. For lower pressures, when the Doppler broadening
and the pressure broadening are equally strong, the line shape is a Voigt profile,
which is a convolution of a Gaussian and Lorentzian function.

2.4.4 'Wall collision broadening

If a gas is confined in a container, the molecules will collide with the walls of
this container. These collisions also affect the width of the absorption lines.
Normally, in a large container and at atmospheric pressures, the mean free path
of the molecules before they collide with other molecules is much smaller than
the distance between the walls of the container, and the broadening due to
collisions with the walls will be negligible compared to other broadening effects.

In [9], the effect of wall-collision broadening was observed for microwave
lines at pressures of some milli-Torr. The low pressure rendered the mean free
path length of the molecules comparable with the size of the gas cell, making it
possible to observe the wall-collision broadening. The broadening was calculated
theoretically and was found to depend on the shape of the cell. Assuming a
cell consisting of two infinite parallel planes, a formula for the wall-collision
broadening was determined. This calculation was improved in [10], and the
calculations were also performed for a cylindrical container. It was found that
the line shape of the absorption lines is not Lorentzian and that the line width
due to wall collisions could be described by equation (2.16).

_Q [BT
L m

where k is the Boltzmann constant, T is the temperature of the gas, m is the
mass of the molecules, L is the length of the absorption cell and () is a constant
that can be calculated numerically. Experimental values were found to agree
with this theory.

In [11], calculations were performed to estimate the total width due to both
intermolecular collisions and wall collisions. It was found that the line width
could be calculated by the formula presented in equation (2.17),

Av = Avpor + 7o (1) Avyan (2.17)

Av (2.16)

where Av is the line width arising from both intermolecular collisions, Avme1 wall
is the line width due to intermolecular collisions and wall collisions separately,
r = Avmol/Avywan and ro(r) is a scaling factor that can be calculated theoret-
ically. For small values of r, i.e. when the wall collision broadening is compa-
rable with the pressure broadening, the line shape was found to differ from a
Lorentzian curve.
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2.4 Lineshapes

Wall-collision broadening has also been observed when a gas is confined in
nanoporous materials [12, 13]. This will be discussed in the chapter on GASMAS.
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Chapter 3

Tunable diode laser
absorption spectroscopy

A common way to perform absorption spectroscopy is to shine laser light on a
gas and then sweep the wavelength of the laser over the absorption line of the
gas. Then the decrease in transmitted intensity through the gas when the laser
is tuned to the absorption wavelength is measured. Diode lasers are ideal for
this task since it is easy to alter the wavelength by changing the driving current
to the laser. The use of diode lasers for absorption spectroscopy has been given
the name ” Tunable diode laser absorption spectroscopy” (TDLAS). This chapter
starts by going through the basic principles of TDLAS. Then, the Fabry-Pérot
etalon is described, and in relation to this, the problem of unwanted interference
fringes will be discussed. Finally, there is a section about the basic principles
and different types of diode lasers.

3.1 Principles of TDLAS

A diode laser achieves population inversion by driving a forward current through
a p-n junction. The output wavelength of a laser diode can be tuned over a
certain range of wavelengths by changing the temperature and/or the driving
current to the diode. The temperature is mostly used to set the laser to roughly
the correct wavelength, while the current is used to sweep the wavelength re-
peatedly over the absorption line of the molecule to be studied.

The output power also changes when the driving current is modulated.
Therefore, the detected light intensity will be a ramp, where different points
in the sweep correspond to different wavelengths as well as different intensities.
When the light passes the resonance wavelength, the intensity of the transmitted
light decreases; see Figure 3.1.

The transmitted light is related to the incoming light by the Beer-Lambert
law (2.11), which was described in the chapter on absorption spectroscopy. Here,
Iy is the intensity of the light without any absorbing molecules, which may
be found by fitting a polynomial to the transmitted intensity outside of the
absorption dip. The absorption is then found by dividing the signal with the
baseline; see Figure 3.1.
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3.2 Fabry-Pérot etalon

Incoming light Transmitted light Analyzing the transmitted signal Absorption signal
A=1-1/I,

Figure 3.1: The principles of analyzing an absorption signal with TDLAS. Left:
The laser output power as a function of time during one sweep of the driving
current. Each point on the slope corresponds to a different frequency of the laser
light. Middle left: The light intensity transmitted through the sample decreases
when the laser is at the resonance frequency. Middle right: The transmitted
signal is analyzed with the Beer-Lambert law. The red line is the baseline found
by fitting a polynomial to the signal. Right: The absorption signal.

The advantages with TDLAS are many compared with other types of ab-
sorption spectroscopy. Diode lasers are small and compact and relatively inex-
pensive, compared with other tunable laser light sources. They can be made
to have single-mode operation and narrow linewidths. It is easy to sweep the
wavelength of the laser by applying a ramped current, and if weak signals are to
be studied, a faster modulation can be added to the wavelength by modulating
the driving current to the laser. Wavelength modulation techniques have been
discussed in for example [18], [19] and [20], and will not be discussed here.

The disadvantages of TDLAS are mainly that there is a limited choice of
wavelength range, and that the tuning range is relatively small. A laser diode
can normally only be tuned a few nm, which is troublesome if many absorption
lines are to be studied quasi-simultaneously. There are still no diode lasers in
the UV-region (ultra-violet), and diodes in the mid-IR-and-IR regions normally
need powerful cooling to work.

3.2 Fabry-Pérot etalon

A Fabry-Pérot-etalon is a useful tool for frequency calibration in TDLAS. It
normally consists of a glass plate with two parallel, highly reflective surfaces.
Because of this, light that passes through the etalon will undergo multiple re-
flectance, and the light will pass many times through the etalon. This is illus-
trated in Figure 3.2. The light is both transmitted and reflected in each surface.
The reflected beams are drawn beside the transmitted beams to show the effect
more clearly (in reality, all beams pass on top of each other).

After the etalon, the light that passed straight through the etalon will inter-
fere with the light that was transmitted after a number of reflections. If the light
that is transmitted through the etalon is in phase, the transmission of light will
be high due to constructive interference. This will happen for waves that can
fit an integer number of half wavelengths in the etalon length L. Since there are
many wavelengths that fulfil this condition, the transmittance of light through
the etalon will vary periodically if the frequency of the laser light is scanned
over a frequency interval. The frequency difference between two adjacent wave-
lengths that have high transmittance is called the free spectral range, Avgggr, of
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Tunable diode laser absorption spectroscopy

L

Figure 3.2: An illustration of how a Fabry-Pérot-interferometer works. The light
is transmitted and reflected at each surface (here the reflected beams are drawn
beside the original ones, to better illustrate the effect). Multiple interference
gives strong transmission for some wavelengths and weak for some.

the etalon and is calculated according to equation (3.1), where ¢ is the speed of
light and n is the refractive index of the material in the etalon.

Cc

oL (3.1)

Avpsg =
The transmission of light during one sweep of a diode laser frequency may look
something like Figure 3.3. The frequency sweep of the laser can be calibrated
by using the free spectral range of the Fabry-Pérot interferometer.

Figure 3.3: The light from a diode laser transmitted through a Fabry-Pérot etalon
when the driving current to the laser is swept up and down.

The Fabry-Pérot interferometer is useful for frequency-calibration of tunable
lasers, but interference fringes can also cause problems in TDLAS, which will be
described in the following section.

3.3 Optical interference fringe reduction

Reflections from different surfaces of optical components in the light path is often
a problem in TDLAS. This is because multiple reflections (between for example
the laser and a collimating lens) can cause interference fringes the same way as a
Fabry-Pérot etalon does. This can make it hard to detect very weak absorption
signals. Optical components like lenses, for example, can be anti-reflex-coated.
Fringes that originate from components that cannot be anti-reflex-coated are
harder to get rid of.

If the fringes are stable and periodic, they can be subtracted by recording
a signal without absorption. The fringes become a problem when they change
slowly with time, so that they cannot be treated as a stable background and
subtracted from the signal. Especially if the fringes are of the same width and
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3.4 Diode lasers

magnitude as the absorption signal, it will be really hard to distinguish between
the absorption signal and the interference fringes.

Optical fringes are especially troublesome in the case that is described in the
next chapter, when the gas to be studied is confined inside scattering media. In
this case, the scattering samples themselves will give rise to complex interference
fringes that cannot be subtracted with the background. One way of reducing the
effect of these fringes while measuring on scattering samples is to introduce some
”mechanical dithering” in the path, so that the light hits the sample at different
places in time. In this work the laser light has been dithered by ”tracking coils”
(a vibrating lens, taken from CD players). Since the place where the light enters
the scattering sample changes all the time, the interference fringes from the
samples will also change with time. This turns the effect of the interference
fringes into a random signal, which can be reduced by taking an average of
many measurements.

3.4 Diode lasers

Diode lasers are very suitable for absorption spectroscopy because it is easy to
get a stable wavelength tuning. They are made of semiconductor materials with
a direct band gap, because these can emit light if a driving current is passed
through them (light emitting diodes). Diode lasers are mostly fabricated from
doped materials in Group III or V in the periodic table. The structure of diode
lasers are explained in detail in [21], and only the basic principles will be given
here.

A p-n junction consists of two doped semiconductors, one n-doped and the
other p-doped, that are put in close contact with each other. The band gap
structure of a p-n junction is shown in the left part of Figure 3.4. The Fermi
levels of the two doped materials lie at the same level. If a forward voltage is
applied over the p-n junction, a potential difference is established between the
Fermi levels of the p-and-n side, which is shown in the right part of Figure 3.4.
In this case, there will be population inversion in the so-called depletion region
between the p-and-n side, with electrons in the conduction band and holes in
the valence band. This means it is possible to get stimulated emission in this
region.

P n p Depletion n
Conduction band

region

Valence band

Figure 3.4: Left: The energy level diagram of a p-n junction. The Fermi energy
is at the same level for the p and n side. Right: The energy level diagram of a
forward-biased p-n junction. Population inversion is achieved in the depletion
region between the p and n side, and thus makes stimulated emission possible.

This is a simple example of a diode laser. Normally, the structure of the diode
laser is more complicated than a simple p-n junction. It may be formed by a

double-heterostructure, since these give higher gain than a normal p-n junction.
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Tunable diode laser absorption spectroscopy

It is also possible to construct the laser with a quantum-well or quantum-dot
structure [21].

This was a description of how population inversion is achieved in a diode
laser. A laser cavity is also needed to get laser activity. The cavity can be
constructed in different ways, and different structures of the cavity give different
names for the laser. Descriptions of three different types of diode lasers are given
below.

3.4.1 Fabry-Pérot laser

The simplest type of diode laser is called a Fabry-Pérot laser (FP). In this type of
laser, the resonator is formed from the surfaces of the laser medium, as is shown
in Figure 3.5, where there is high reflectance (30-40%) due to a large difference
in the refractive index in the diode and in the surrounding air. The FP laser
can have quite high output powers and exists in many regions. A problem with
these types of lasers is that there are discontinuous steps in the tuning range
of the laser, called mode-jumps. This makes it difficult to use them in TDLAS,
since it is hard to make sure that the laser can actually produce the wavelength
of the transition in the molecules studied.

_ @1’
R R= (n+1)

N/\/\r Depletion region ?\\/;\\/;\\/;

Figure 3.5: Schematic of a FP laser. The resonator is formed by the surfaces
high reflectivity of the surfaces of the semiconductor material.

3.4.2 Distributed-feedback laser

A Bragg grating consists of a material with a periodic variation in its refractive
index. This grating will reflect light which fulfills the condition in equation (3.2)
below, where A is the period of the variation in the refractive index, A is the
wavelength of the light and m is a positive integer. Because of multiple inter-
ference between waves reflected in different layers of the grating, the selectivity
of the Bragg grating is high [21].

A=m)/2 (3.2)

In a distributed-feedback laser (DFB), a Bragg grating is placed on one side of
the depletion region and used to confine light to the depletion region. Since
the Bragg grating has a high selectivity in which wavelengths are reflected, the
linewidth of the laser becomes narrow [22]. Compared with the FP-laser, the
DFB-laser has better tuning abilities and more narrow linewidths but are more
costly.
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3.4 Diode lasers

3.4.3 Vertical cavity surface emitting laser

A vertical cavity surface emitting laser (VCSEL) works in a similar way as the
DFB, with a Bragg reflector both above and below the depletion region. What is
special with a VCSEL is that the cavity is perpendicular to the depletion region,
instead of parallel to it as in a FP or a DFB laser, allowing an easier fabrication
process.

Since the active layer of the VCSEL is thin, the light must pass many times
through the active layer and get amplified many times to get laser activity. This
means that the Bragg reflector must have high reflectivity, i.e. many layers
of alternating refractive index. The output power of a VCSEL is lower than
in a DFB, and the threshold current to reach laser action is also lower. The
advantages of the VCSEL is that it is easier to manufacture than a DFB and
therefore can be purchased at lower cost. It is also normally possible to tune a
VCSEL over a larger wavelength span.

=
=

A\

depletion region

=
=

Figure 3.6: Schematic of a VCSEL. The light passes perpendicular to the deple-
tion region. Bragg reflectors above and below the depletion region act as high
reflectivity mirrors.
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Chapter 4

Gas in scattering media
absorption spectroscopy

A special type of TDLAS is the method to study gas inside strongly scattering
solids or liquids. This method is called GASMAS, which is an abbreviation of
”GAs in Scattering Media Absorption Spectroscopy”. The method was intro-
duced by Sjoholm et al. in 2001 [1]. The special features of gas sensing with
GASMAS is that the light is heavily scattered when passing through the sam-
ples, resulting in long effective path lengths and diffuse light emission from the
sample. This chapter goes through the principles of GASMAS. After that, the
special case of GASMAS in nanoporous materials will be discussed.

4.1 Principles of GASMAS

The basic principle of GASMAS is the difference in the absorption spectra of
gases and solids/liquids. Solids and liquids have broad absorption spectra, since
the molecules sit closely together and form energy bands, which give absorption
lines that are around 10 nm broad. Gases, on the other hand, have sharp energy
levels and thus very sharp spectral lines by comparison, typically around 0.001
nm. This means that if free gas is confined in a bulk material (solid or liquid),
the absorption of the bulk material will be constant over the short wavelength
span of the absorption line of the gas. Therefore, the absorption of the gas can
be measured, even when strong scattering causes the light to emerge diffusively
out of the scattering bulk material, with weak intensities; see Figure 4.1.

J

Line width
0.010-0.001 nm

>

transm.

Ditfuse

Figure 4.1: Illustration of the difference between absorption lines in gas and in
solids/liquids. The absorption lines of gases are around 10* times smaller than
the absorption lines in solids/liquids [8].

In materials with strong scattering, the effective path length of the light
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4.1 Principles of GASMAS

through the gas in the sample is long, in some materials several times longer
than the geometry of the sample. This gives a relatively strong absorption of
the light passing through the sample.

One very important aspect to take into account when monitoring gas in
scattering materials is that the bulk material must not absorb too much at that
specific wavelength. This means that it is impossible to measure on absorption
lines above 1.4 um in materials that contain liquid water, for example human
tissue, since the liquid water will then absorb almost all of the light injected
into the sample.

In conventional TDLAS, i.e., where free gas is measured either through or
in an open air path, the light passes through a gas cell and the transmitted
light is measured. Because of the strong scattering in GASMAS measurements,
the light will emerge from the sample in multiple directions, making it equally
possible to measure in backscattered light as in transmitted, see Figure 4.2.

(a) (b)

Sourcel Sourcel TDeteclor

Detector l

Figure 4.2: Comparison between the setup for transmission measurements (left)
and backscattering measurements (right) [8].

4.1.1 Equivalent mean path length

When measuring the absorption of a gas with TDLAS, the Beer-Lambert law
is used to analyze the signal. The problem with this method when performing
GASMAS measurements is that the light is scattered inside the material several
times, so that the effective path length through gas is unknown. Thus, it is
possible to determine the product NL in (4.1), where N is the concentration of
the gas in the material and L is the path length through gas in the material,
but not each of them individually.

I =Ipe "WNL (4.1)

A way around this problem is to define an "equivalent mean path length”, Leq
through the sample. It is the distance in air, or in some other reference gas,
that would give an equally strong absorption signal as the absorption of the
gas in the porous sample [23]. The equivalent path length depends both on
the concentration of gas in the scattering medium and on the path the light
has traveled through the medium. It is given by equation (4.2), where Ny, is
the concentration of the gas in air, Ngample is the concentration of the gas in
the sample, and Lgample is the distance the light has traveled in the sample. In
strongly scattering samples, Loq can be several times larger than the thickness
of the sample.

Nairch = sampchsamplc (42)

24



Gas in scattering media absorption spectroscopy

If the concentration of the gas in the scattering sample is the same as in the
reference gas, the equivalent path length is the mean path length that the light
has traveled through the gas. It should be noted that this is not equal to the
path traveled through the sample, as the light will travel some distance in the
bulk material as well. If the absorption is small, the absorption signal depends
linearly on the path length, according to (4.3). Leq can be calculated by using
the standard addition method.

I = Ioe "NL ~ [y (1 — o(V)N L) (4.3)

4.2 (Gas sensing in ceramics

There are many types of scattering media where GASMAS can be performed.
Porous materials are defined as materials that contain small pores of gas in
their structure. Examples of porous materials are sintered ceramic powders,
like Al;O3 and ZrO,. They are manufactured by heating ceramic powder and
pressing it together. Depending on the conditions for manufacturing, like heat,
pressure, particle size and time for manufacturing, they can be made with dif-
ferent pore size distributions. These types of sintered ceramics typically have
very strong scattering. The scattering properties of ceramics have been studied
in [24].

Typical for GASMAS in ceramics is the strong scattering, which gives long
effective path lengths and therefore relatively strong absorption, allowing the
absorption signal to be detected directly, without the use of modulation tech-
niques. This makes the line shape analysis of the signals simpler and more
straightforward. The diffusion of O2 in most ceramics is very fast [13], so that
the pressure inside the pores can be assumed to be the same as in the ambient
air, which makes it easier to study absorption at reduced pressures.

4.3 Gas sensing in nanoporous materials

As was mentioned in the previous section, sintered ceramics can be manufac-
tured with different pore size distributions. An especially interesting case is
when the pores become so small that the mean free path of the molecules be-
come comparable to the size of the pores. In these conditions, the wall collision
broadening described in the previous chapter will become a source of broadening
comparable with the pressure and Doppler broadening.

GASMAS in nanoporous materials has been studied by Svensson et al. in [12]
and in [13]. In [12], the absorption of Os in two different nanoporous alumina
(Al;03) samples was studied. One sample had a pore size distribution of 70+10
nm, the other 1842 nm. In the sample with the larger pores, the half width
at half maximum (HWHM) of the absorption line was found to be 2.31 GHz,
which is a distinct broadening compared with 1.59 GHz for free Oy at the same
temperature and pressure. For the sample with the smaller pores, the signal
was detected using WMS since the absorption signal was much weaker. Strong
line broadening was detected in this sample as well. Furthermore, fitting a
Lorentzian curve gave a different HWHM for the first and second harmonics in
the WMS signal. The Lorentzian curve also followed the measured absorption
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4.3 Gas sensing in nanoporous materials

curve badly. This shows that a Lorentzian curve is not a good description for a
wall-collision broadened absorption line.

In [13], the absorption of HyO was studied in the alumina sample with 70 nm
large pores. For the strongest absorption line, around 935 nm, the linewidth
of the absorption of gas inside the sample was 4.3 GHz, which is a signifi-
cant broadening compared with 2.9 GHz for free H,O at the same temperature
and pressure. Comparing the two measurements, the broadening due to wall-
collisions seems to be stronger for HoO than for O, but further studies are
needed to establish this.

When the molecules collide with the walls of the pores, they experience
a very strong electric field from the electrons in the wall. This case is very
similar to the Stark effect, where an external electric field causes a shift of the
energy levels of the molecules. Thus, a shift of the absorption lines might be
expected when molecules are confined in nanoporous materials. Such a shift
has been observed in [25], where water vapour absorption has been studied in
nanoporous silica aerogel.

The interaction between molecules and walls is a very interesting physical
effect, and the gas sensing in nanoporous materials gives a unique opportunity
to actually study the effects of the wall collision broadening. Studying the
absorption lines may also in the future have applications in structure analysis
of nanoporous materials, such as non-intrusive measurement of the pore size,
porosity etc.
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Chapter 5

Instrumentation

In this chapter the instrumentation used for the measurements will be discussed.
In the first section, the instrumentation used for the GASMAS measurements
are described. Next, the pressure chamber and the gas control systems are more
closely examined. After that, there is a section where the performance of the
molecular oxygen system is characterized with Allan deviation. Finally, there
is a description on the automatic process to determine the optimal number of
averages for the Oq system.

5.1 GASMAS setup

Here, the setups for the GASMAS measurements will be described. There are
three different setups, each to be used for measuring GASMAS on either molec-
ular oxygen, water vapour or carbon dioxide.

5.1.1 O, - Molecular oxygen

Pressure|
chamber

Temperature LD
controller
Tracking
coils
1 Sample pump

Computer

Figure 5.1: The GASMAS instrumentation for measuring on Oy at 760 nm.

The setup used for measurements on molecular oxygen in the A-band is shown
in Figure 5.2. A single-mode VCSEL, from Laser Components, emitting at
760 nm is used. The laser is controlled by a laser driver LDC200V and a
temperature controller TED200C from Thorlabs. The light is sent from the
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5.1 GASMAS setup

laser diode through the tracking coil onto the sample of scattering medium,
which is normally a sample of some ceramic, but can also be something else.
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Figure 5.2: The absorption spectrum of O in the tuning range of the laser [17].
The lines belong to the oxygen A-band. The lines within the red rectangle are
within the tuning range of the laser.

The sample is placed on top of a 5.6 x 5.6mm photodiode, which detects the
diffuse light emerging from the sample. The signal from the detector is then sent
through a current amplifier of type DLPCA - 200 from FEMTO, and connected
through a BNC board (BNC2110, National Instruments), to the DAQ card (NI,
PCI-6132) into the computer. In the computer, the signal is analyzed with a
program in LabView.

It is better to study the effect of the wall-collision broadening at lower pres-
sures, since the effect of the pressure broadening decreases with the pressure.
Therefore, the laser, sample and detector are placed in a pressure chamber,
which is more closely explained in the section on the gas control system. This
chamber can be pumped down to pressures of around 1 Torr. To increase the
magnitude of the signal, it is possible to flush the pressure chamber with pure
0.

5.1.2 H,0 - Water vapour

Temperature J LD

controller

Computer

Tracking coils l]_']

Sample

Figure 5.3: The GASMAS instrumentation for measuring on HyO at 948 nm.

The setup that was built to measure on water vapour around 948 nm will now
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be described. The spectrum for HoO in this wavelength region is pictured in
Figure 5.4. The laser source is a single-mode VCSEL, from Laser Components.
It is controlled by a laser driver LDC200V and a temperature controller TED200
from Thorlabs. The light is sent through a tracking coil onto the sample, which
is placed on top of the 5.6 x 5.6mm photodiode. The signal from the detector is
sent through a DLPCA 200 current amplifier from FEMTO, which then passes
through a BNC board (BNC210, National Instruments) to a DAQ card (NI,
PCI-6120). The DAQ card digitalizes the signal, which is then analyzed in
a LabView program in a computer. The LabView program also controls the
modulation of the driving current through the laser.
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Figure 5.4: The spectrum of water vapour at 948 nm [17].

Unfortunately, the VCSEL broke after the setup was finished. Should a new
laser be purchased, it would probably be possible to use this setup and measure
on HO in nanoporous materials.

5.1.3 CO, - Carbon dioxide
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Figure 5.5: The GASMAS instrumentation for measuring on COy at 2.055 pum.

The laser used for measuring on COs is a DFB laser from Toptica Photonics
operating at 2.055 pym. The spectrum around this wavelength is shown in Fig-
ure 5.6. The laser is controlled by a LDC201CU laser driver and a TED200C

29



5.2 Gas control system

temperature controller, both from Thorlabs. The detector is a 1x3 mm large
PbSe photoconductive detector.
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Figure 5.6: The spectrum of carbon diozide at 2.055 um [17]. The lines inside
the red rectangle are within the tuning range of the laser.

The current from the laser driver to the laser diode is modulated with a
triangular wave by a signal from the computer. The signal from the photodiode
is collected via a BNC block (BNC210, National Instruments) to the DAQ card
(NI, PCI-6120) and into the computer, where it is analyzed with a program in
LabView.

5.2 Gas control system

As has been mentioned in previous chapters, it is easier to see the wall collision
broadening if the GASMAS measurements are performed at low pressures. To
achieve this, a pressure chamber has been built, which can be pumped down to
low pressures, around 1 Torr, even if it cannot achieve complete vacuum.

A problem when measuring at really low pressures is that, although the pres-
sure broadening becomes less pronounced, the absorption signal also decreases.
One way to increase the absorption signal while still measuring at low pressures
is to increase the concentration of Og in the gas. To achieve this, a gas tube
containing pure O, was purchased and the pressure chamber was modified with
a gas inlet, as can be seen in Figure 5.7. The gas inlet was tested with Ns, to
check that there was no leakage.
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Figure 5.7: Schematic of the setup used for the measurements. The No is flowed
into the gas chamber via the vacuum pump inlet.
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The measurements were performed on a zirconia ceramic with heavy scat-
tering. The absorption of light by Oz inside the sample at an air pressure of
100 Torr is shown in Figure 5.8.

Absorption
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Figure 5.8: The absorption of Os in zirconia at 100 Torr pressure in air

Now the pressure in the chamber was first lowered to around 4 Torr and
then filled with Ny to a pressure of about 100 Torr. The absorption signal of Oq
after this is shown in Figure 5.9. It can be noted that there is still an absorption
signal of Oy in the sample. If the system had worked perfectly, there would not
have been any absorption signal since the chamber would have been filled with
pure No. However, there is still a small signal, even if it is much smaller than
the signal in air. It has been checked before that the sample has open pores
and that the diffusion of Ny and air is very fast, so gas lingering in closed pores
should not be a problem.
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Figure 5.9: The absorption of Oy in zirconia with the pressure chamber filled
with No at 100 Torr

Now more Ny was flushed into the chamber until the pressure was 200 Torr.
The resulting absorption of Oz is shown in Figure 5.10. The signal seems to
have decreased when the pressure of Ny was raised, if figures 5.9 and 5.10 are
compared, although the difference is very small. It may be that the absorption
signal of Os comes from a small amount of Os that did not get out of the
chamber as it was emptied. That seems reasonable, since the chamber was not
pumped down to full vacuum before Ny was let into the chamber. The result
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Figure 5.10: The absorption of O, in zirconia with the pressure chamber filled
with Ny at 200 Torr

might get better if the chamber is repeatedly flushed with N5, emptied and then
flushed again.

Even if there is a small amount of air still left in the chamber after flushing
the chamber with Ns, it might not be a big problem. The goal with the gas
control system was to enhance the absorption signal by measuring on a higher
concentration of Og. Since the exact concentration of O2 is not interesting,
it should not be a problem if the measurements were performed on 95 % Oo
instead of 100 %. The only real problem would be if there was a leakage of pure
O3 out of the chamber, which there does not seem to be.

5.3 Characterization of system performance

To characterize the performance of a system, there is a method called Allan
deviation analysis. It was originally developed to measure frequency stability
in clocks, but it can also be used to characterize the performance of other
types of measurement systems. The Allan deviation analysis can help determine
the number of averages that optimize a measurement signal. This section will
start by describing the basic principles of Allan deviation analysis. After that,
the result from the Allan deviation measurements on the Os system will be
presented.

5.3.1 Principles of Allan deviation analysis

Allan deviation analysis starts by measuring some quantity, for example the
peak absorption of oxygen in a porous ceramic. To start with, take one mea-
surement point each second. This gives a number of peak absorptions that vary
around a certain mean value. The next step is to form an average of two suc-
cessive measurements. Then, the average of three successive measurements will
be taken. The result will be something like Figure 5.11.

The kth average represent the signal after an average time of k seconds. It
can be seen in Figure 5.11 that the signal gets less spread out from the mean
value the longer the averaging time. This means that the standard deviation is
reduced. Now, the principle is to take the standard deviation of all these aver-
aged measurements, from average time 1 second up to average time n seconds.
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Figure 5.11: This figure illustrates the principle of Allan deviation analysis.
The red curve follows 100 random numbers centered around 10.5. The dark blue
curve shows the curve after an average has been made out of two adjacent points.
In the green curve, the average is between 3 adjacent points, the turquoise with
four adjacent points, and so on. It can be noted that the standard deviation of
the values decreases with increasing averaging time.

This gives the Allan deviation as a function of the averaging time.

An example of how an Allan deviation plot of a system may look like is
shown in Figure 5.12. The Allan deviation normally decreases as the averaging
time increases up to a certain point, as the random noise is averaged away. After
a certain amount of time, the deviation will starts to increase, since drifts in
the system can limit the averaging process.
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Figure 5.12: A simple example of how an Allan deviation plot may look [26].

5.3.2 Allan deviation on the O, system

To characterize the system performance of the system for measuring O, the
absorption was measured with an averaging time of 1 second (i.e. 18 averages)
for approximately 2 hours. The peak absorption and the half width at half max-
imum (HWHM) was calculated for each of these measurements. The calculated
values are represented in Figure 5.13.

Figure 5.14 show the Allan deviation for the peak absorption and the HWHM
for these measurements. It can be noted that the Allan deviation has not started
to go up again, but that it has started to flatten out to a constant value.
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Figure 5.13: Top: The peak absorption during the measurements. The red curve
shows the absorption calculated with an averaging time of 354 s. Bottom: The
HWHM during the measurements. The red curve shows the HWHM calculated
with an averaging time of 354 s.

It can be noted that the decrease in the Allan deviation seems to have
stopped around averaging time of 200 seconds. If the measurements had con-
tinued for a longer time, it would probably have started to rise upwards again.
These Allan deviation results seem to indicate that it is not worth the trouble
to measure with averages longer than around 3 1/2 minutes.
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Figure 5.14: The Allan deviation for the peak absorption (top) and the HWHM
(bottom) as a function of the averaging time.

5.4 Averaging system

The GASMAS instrumentation collects the data by taking an average of a num-
ber of measurements, in order to get a good result and to get rid of random
noise. As we saw in the previous section, it is not easy to determine the number
of averages that will give the best result. A higher number of averages gives a
better result up to a certain point, after which it seems to be pointless to take
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more averages. Choosing the averaging time may be tricky, since the optimal
time can vary from sample to sample, or with different conditions in the mea-
surement system. A longer averaging time also means a lot of waiting while
the measurements are taken. A LabView program for the Os-system that will
automatically stop the averaging process when the signal seems to have stopped
improving has been developed as part of this Master’s project. This could both
save time and give better measurements.

In this section the principles of the automatic averaging program will be
presented, along with measurements on polystyrene foam to check how well the
program works for GASMAS measurements.

5.4.1 The standard deviation of the change in the averag-
ing process

The automatic determination of the optimal number of averages will be de-
termined by measuring the change in the standard deviation of the difference
between two successive averages. We will call the signal averaged after n mea-

surements A, and it is calculated according to equation (5.1).

AA=|A, — Ani1] (5.1)

The next step is to take the standard deviation of the difference in the
averaged measurements. We call the standard deviation after n measurements
on. Figure 5.15 shows how the standard deviation of the measurements changes
during 1080 measurements. The idea of the automatic averaging process is to
stop the averaging process when the standard deviation is lower than a certain
tolerance.
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Figure 5.15: The standard deviation for the averaging of the measurements on
O in polystyrene foam.

It can be noted that there are ”spikes” in an otherwise smooth curve of the
standard deviation. This probably happens when the difference between two
successive averages happen to vary very little. We want to stop the averaging
process when the smooth curve reaches beneath the tolerance, not when one
of these ”spikes” happens to go below it. To achieve this we take instead the
average of 10 successive standard deviations and check when this reaches below
the tolerance. We call the average of the standard deviation after n averaged
measurements ¢,,. The average was computed according to equation (5.2).

n+10

_ 1
=15 zn: On (5.2)
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Figure 5.16 shows how o,, changed during 5400 averages. It can be noted
that the standard deviation decreases slowly after it has gone below 108, Thus
a suitable stopping criteria may be around this value.
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Figure 5.16: The change in the average standard deviation for the averaging
of absorption measurements on O in polystyrene foam during 5400 averages.
Figures a)-d) show four successive measurements. The “time” on the z-axis
shows the number of averages divided by 10.

5.4.2 Number of averages for different tolerance

The tricky part with this averaging process is to set the tolerance so that the
averaging process does not stop too early, which would give more noisy measure-
ments. With Figure 5.16 in mind, the tolerance should be somewhere between
10~7 and 1078. To test which value that was best, the absorption in polystyrene
foam was measured for different tolerance, and the number of averages required
to reach that tolerance was noted. Figure 5.17 shows the number of averages
that were needed to reach each tolerance. Table 5.1 shows the mean value and
the median value needed to reach a certain tolerance, and the standard deviation
of the number of averages for each tolerance.

Table 5.1: The mean, median and standard deviation of the number of averages
needed to reach a certain tolerance in the standard deviation of the change in
the averaging process.

| Tolerance 1007 [5-108[2-108[10°® |
Number of averages: Mean value | 207 288 518 837
Median value | 205 290 520 825
Standard deviation | 9.7 19 42 100

The number of averages needed to reach a certain tolerance will of course
vary depending on the samples that are measured on, and other conditions.
However, from these measurements it looks as if 10™% is a suitable tolerance.
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Figure 5.17: The number of averages needed to reach a certain tolerance in the

averaging process. The stars show the value obtained in each separate measure-
ment and the lines show the mean number of averages for each tolerance.
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Chapter 6

Pressure dependence
investigation of the setup

In this chapter, the behavior of the system for GASMAS measurements on Os
at lower pressures is investigated. First, the absorption of Os in polystyrene
foam was measured. Then, the diffusion in polystyrene foam was investigated.
Finally, the absorption of Oy in macroporous alumina is measured at low pres-
sures.

6.1 Polystyrene foam

At lower pressures, the wall-collision broadening of the absorption lines should
become more visible since the pressure broadening decreases. To check that
there is no additional line-broadening mechanism at low pressures, the absorp-
tion of light by Oz in polystyrene foam, which does not have nanometer-sized
pores, was measured at low pressures; see Figure 6.1. If these measurements
have the broadening and line shape predicted by Doppler-and pressure broaden-
ing, then the additional line-broadening in nanoporous materials can be assumed
to arise from the wall-collision broadening and nothing else.

Absorption

10 5 5 10

0
Frequency /GHz

Figure 6.1: Absorption in polystyrene foam at 50 Torr (blue curve), compared
with the Voigt-profile for absorption at 50 Torr (red curve).

39



6.2 Diffusion of Ny in polystyrene foam

It can be noted that the absorption lines are much broader than the theoret-
ical line width of absorption at that pressure. A plausible reason for this result
is that the diffusion of gas out of polystyrene foam is slow, which was noted in
[1] and [27]. This will be examined in the following section

6.2 Diffusion of Ny in polystyrene foam

One explanation for the broad absorption lines in polystyrene foam at low pres-
sures could be that the diffusion of gas out of the sample is slow. Then the gas
in the pores of the sample would have a different pressure than the ambient air
in the pressure chamber, and the line shapes of the measured samples would
correspond to this pressure instead of the pressure in the chamber. To check
if this was the case, a sample of polystyrene foam was flushed with Ny. The
absorption of Os was measured shortly after the flushing started, and the result
is shown in Figure 6.2.

Absorption
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Figure 6.2: Absorption of oxygen in polystyrene foam. The blue curve shows the
signal when the sample was in open air and the green curve shows the signal
when the sample was flushed with Na.

Since the absorption signal does not disappear immediately when the sample
is flushed with Ny, the gas diffusion out of this sample of polystyrene foam seems
to be slow. This is in agreement with results in [1] and [27]. The diffusion of
O, at low pressures in polystyrene foam will be examined next.

6.3 Diffusion at low pressures in polystyrene foam

Diffusion processes can normally be described by Fick’s second law of diffusion,

oc 9*C

E — @7 (6.1)

where D is the diffusion coefficient, C is the gas concentration, ¢ is the time
and z is the spatial coordinate along which the diffusion process takes place.
The solution to this equation for the GASMAS case is a rather complicated
mathematical formula [27].
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In the later part of the diffusion process, the solution can be approximated
by an exponential curve with a well-defined time constant. This means that
the peak absorption can be described by equation (6.2). If this is the case, the
logarithm of the absorption should follow a straight line, see (6.3).

A=a-e ¥/ 4d (6.2)

In(A—d)=—t/T+1na (6.3)

Here A is the peak absorption of Os, t is the time after the diffusion started, 7
is the time constant of the diffusion process, a is a constant and d is the peak
absorption when the diffusion has stopped, i.e. when the pressure is the same
inside the pores as in the chamber.

To see if the diffusion of gas out of polystyrene foam at low pressures can
be described like this, the sample of polystyrene foam was placed inside the
the pressure chamber and the pressure was lowered to 50 Torr. After this, the
absorption in the sample was measured every minute for an hour. The peak
absorption for each of the measurements is shown in Figure 6.3 as a function of
the time after the measurements started. An exponential function like equation
(6.2) has been fitted to the measurements.

x10°

4

I\
\
\

IS

Maximum absorption
w &

2 M
Koot

10 20 30 40 50 60 70
time /min

Figure 6.3: The absorption in polystyrene foam as a function of the time the
sample has spent at the pressure 50 Torr

The exponential function agrees very well with the measured values. The
logarithm of the absorption was also plotted; see Figure 6.4. The measured val-
ues follow an almost perfect straight line in the beginning of the measurements,
as predicted by equation (6.3). This shows that the diffusion process can be
described by an exponential equation. After around 40 minutes, the diffusion
process seems to have finished, which is why the points no longer follow the
straight line.

From these measurements, it seems that the diffusion of gas out of polystyrene
foam can be described by an exponential equation. This probably means that
when the measurements started, the diffusion process had passed the part of
the process that cannot be described by an exponential function.

It should be noted that the absorption in equation (6.2) refers to the total
absorption of light, i.e. the area under the absorption line, and not the peak
absorption. As the pressure decreases, the line shape of the absorption line
changes since the pressure broadening decreases. This means that the peak

41



6.4 Macroporous alumina

-5
6|
- 77\\
a
g has
S s g
Qo
@ Fhe,
9 Tk
g * W‘% * * *
E P
% 100 *
s R
= *
=
5 11
S .
1ol
*
-13
10 20 30 40 50 60 70
time /min

Figure 6.4: The logarithm of the absorption in polystyrene foam as a function
of the time the sample has spent at the pressure 50 Torr

absorption does not have the same relation to the total absorption at different
pressures. A more correct analysis of the diffusion process would be to plot the
total absorption as a function of time.

6.4 Macroporous alumina

To see whether the system gives the expected line shapes at low pressures, the
absorption of Oy at low pressures was measured on a sample of macroporous
alumina, AlyOg3; see Figure 6.5. It has been confirmed that the diffusion of Og
in this sample is fast.
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Figure 6.5: Absorption in macroporous alumina at 100 Torr (blue curve) com-
pared with the theoretical line shape at the same pressure

The absorption line fits reasonably well with the theoretical line shape of the
Voigt profile. The small deviation in the right wing in Figure 6.5 could come
from some sort of background noise, or it could arise from a bad baseline fit
in the calculation of the absorption. This measurement seems to indicate that
the system gives the correct line shapes at low pressures for gas in macroporous
materials.

42



Chapter 7

Measurements

This chapter will show the results of the measurements that have been per-
formed in this Master’s thesis. The first section will deal with the wall-collision
broadening of the absorption lines of Oy in samples of nanoporous zirconia at
different pressures. The width of the absorption lines will be compared with the
theoretical line shape of a free gas at the same pressure. The line-broadening
effect due to wall-collisions will be clearly visible. The measurements have been
taken for two ceramic samples with different pore size distribution, and it will
be quite clear that the broadening of the absorption lines is larger in the sample
with the smaller pore size distribution.

The next section will show the results of the GASMAS measurements on
CO3. The measurements have been performed both in straight light paths, in
polystyrene foam and in macroporous and nanoporous ceramics.

7.1 Absorption of O, in nanoporous zirconia

In this section the wall-collision broadening of the absorption lines of Os in
nanoporous ceramics is compared to the theoretical line shape of free Oy at the
same pressures. It has been verified that the diffusion of O5 out of the zirconia
samples is fast, so the pressure inside the pores can be assumed to be the same
as in the ambient air.

Figure 7.1 shows the absorption of Oy in nanoporous zirconia the pressures
of 50 Torr, 100 Torr and 200 Torr. The blue line shows measurements on a
sample with 43 nm pores, the green a sample with 115 nm large pores. The red
line shows the theoretical line shape at the same pressures, the Voigt profile. It
is calculated by taking the convolution of the theoretical pressure broadening,
a Lorentzian curve, and the theoretical Doppler broadening, a Gaussian curve.
The half width at half maximum (HWHM) is shown i the figure for each pressure
and sample/simulation.

It has been shown in [28] that the HWHM as a function of pressure is a
straight line. This trend can be seen in Figure 7.2, where the HWHM has been
plotted as a function of pressure for the three pressures in Figure 7.1. Here it
can also be clearly seen that the broadening is larger in the sample with the
smaller pore size.
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Figure 7.1: Upper left: The absorption of Os at 50 Torr. The blue line is the
sample with the smaller pore size, the green the larger pore size and the red the
Voigt profile. Upper right: The absorption at 100 Torr. Lower: The absorption
at 200 Torr. The HWHM are given for each curve.
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Figure 7.2: The HWHM as a function of pressure. The blue curve is for the

sample with the smaller pore size, the green the sample with the larger pore size
and the red the Voigt profile.

44



Measurements

7.2 COy; GASMAS

7.2.1 CO; GASMAS in polystyrene foam

With the setup described in the instrumentation chapter, the absorption of CO4
in a 1 cm thick sample of polystyrene foam has been measured. To increase the
concentration of CO5 in the sample, it was placed inside a plastic bag that had
been breathed in and out of a few times. As it has been shown that the diffusion
of gas in and out of polystyrene foam can be slow, the sample was left in the
plastic bag for around 40 minutes.

The absorption of CO, in a straight path through a plastic bag is shown
in Figure 7.3. The absorption of light that has passed through the sample of
polystyrene foam is shown in Figure 7.4. The frequency scale on the x-axis
has not been calibrated, but existing data show that the line width of the
absorption lines of COs at this wavelength is around 10 GHz, which means that
the frequency scan of the laser in Figures 7.3 and 7.4 is approximately 70 GHz.
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Figure 7.3: Absorption of COsy in an approximately 12 cm straight path through
a plastic bag with unknown concentration of COs.
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Figure 7.4: Absorption of COs in an approzimately 1 cm thick sample of
polystyrene foam.

There is a clear absorption of CO2 both in the straight absorption path and
in the sample of polystyrene foam, even if the detected signal is quite noisy.
That the signal is weaker in polystyrene foam may be because of a shorter path
length through gas or lower concentration of COy in the plastic bag, or perhaps
a combination of both.
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7.2.2 COy; GASMAS in polystyrene foam and ceramics

The setup was also used to measure COs inside porous ceramics. Here, the signal
was weaker than in polystyrene foam, so the measurements were performed on
polystyrene foam as well, and the absorption in the two samples was compared.

Figure 7.5 shows the absorption signal in polystyrene foam and a 2.9 mm
thick sample of macroporous alumina, measured with the same settings on the
laser driver and temperature controller. The signal in polystyrene foam has
been normalized to have the same peak value as the signal in the ceramic sam-
ple. Since the absorption in the alumina sample was weaker, the noise is more
dominant in that signal than in the signal from polystyrene foam.
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Figure 7.5: Absorption of COy in polystyrene foam (blue) and in macroporous
almina (red). The signals have been normalized to have the same peak value.

Figure 7.6 shows the absorption in polystyrene foam and in nanoporous
alumina. The signal in polystyrene foam has been normalized to have the same
peak value as the signal in the ceramic sample. The absorption of CO5 in the
sample of nanoporous alumina in Figure 7.6 is very weak and therefore hard to
separate from the background noise, but since the signal has a peak at the same
value as the stronger signal from polystyrene foam, it can be assumed to be an
absorption signal.
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Figure 7.6: Absorption of COq in polystyrene foam (blue) and in alumina with

70 nm large pores (red). The signals have been normalized to have the same
peak value.
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Chapter 8

Discussion

8.1 0Oy GASMAS

8.1.1 Wall-collision broadening in nanoporous materials

The absorption of light by Oz in nanoporous zirconia ceramics has been mea-
sured at low pressures, and the additional line-broadening due to wall-collisions
can be clearly seen. The effect is similar to previous measurements in nanoporous
materials in [12], [13] and [28].

It has been shown in [11] that the line-broadening due to wall collisions and
intermolecular collisions can be treated separately and then added together to
give the total line broadening due to collisions. In Figure 7.2, the line width
increases linearly with pressure, supporting this theory. There are not enough
measurements in this figure to say anything for certain, but more measurements
have been performed in [28] to confirm this.

In Figure 7.1, a clear difference between the broadening in the two samples
with different pore size distribution can be seen. This indicates that it could
be possible, in the future, to use the line-broadening due to wall collision as a
non-intrusive method for measuring pore size of nanoporous materials. Right
now, it is possible to compare similar nanoporous materials and determine which
sample has the smallest pore size.

It is difficult to analyze the line shape of the absorption lines, because the
absorption profile is also affected by the pressure and Doppler broadening. More
thorough studies are required for this analysis, and to observe the small shifts
that were measured in [25].

8.1.2 Diffusion in polystyrene foam

It has been verified that the diffusion of gas out of polystyrene foam at low
pressures is a relatively slow process. This has also been examined in [1] and
[27], where the diffusion of Oy into a sample of polystyrene foam after it had
been lying in pure Ny for a long time, was studied.

The diffusion process at low pressures, presented in Figure 6.3, follows an
almost perfect exponential curve. This shows enough time has passed when the
measurements started that an exponential equation is a good approximative
solution to Fick’s law. The time constant for the diffusion was determined to
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be 14 minutes, but analyzing the peak absorption as a function of time does
not describe the diffusion properly, since the line shape of the absorption line
changes as the pressure decreases. A study of the total absorption as a function
of time would probably give a smaller time constant than the one found here,
as the peak absorption becomes larger in relation to the total absorption when
the line width decreases. It has also been shown in [27] that the time constant
for diffusion in polystyrene foam can be quite different for different samples.

One conclusion that can be drawn from these diffusion measurements is that
it is necessary to check if the diffusion of gas is quick or slow before drawing
any conclusions about the line width in a nanoporous sample. If the diffusion is
slow, too early measurements will show a broader absorption line than expected
because of higher pressure inside the sample than in the ambient air.

8.1.3 System improvements

The gas inlet system that was built to enable measurements with pure O5 has
been successful. It has not yet been tested with Oz, but the inlet worked well
with Ny, and flushing the chamber with Oy should work in the same way. The
fact that it is hard to achieve 100% Oz in the chamber is irrelevant, as the
exact concentration of Os is not important. The important thing is that a
higher concentration of Oy could allow measurements at even lower pressures,
which could help the investigation of the line shape and line width due to wall
collisions.

The automatic averaging program also seems to be working as it was in-
tended to work. The problem here is to find a way to determine a suitable tol-
erance as a stopping criterion. An Allan deviation may be useful for determining
the tolerance, but it takes time and the Allan deviation may vary between dif-
ferent samples and with different measurement conditions. The method right
now is to test a few times and choosing what looks like a suitable tolerance.
Advantages with the automatic averaging program is that it could save time,
since the measurements do not go on for a longer time than necessary. It could
also lead to better measurement results, since the averaging process will stop
before drift noise causes the measurements to get worse.

8.1.4 Allan Deviation

The Allan deviation measurements in Figure 5.14 show that the averaging pro-
cess gives an optimal result for an almost 2 minutes long averaging time. It
looks like the detection limit is an absorption of approximately 3 - 107, corre-
sponding to an equivalent path length in air of around 1.5 mm. This result can
be compared to the measurements presented in [29], where an Allan deviation
showed a detection limit of 0.1 mm. These measurements used WMS, which
greatly improve detection sensitivity, so it is not surprising that our measure-
ments have lower sensitivity. The detection limit for the HWHM seems to be
around 0.01 GHz.

The Allan deviation probably depends on the measurement conditions. For
example, the amplitude of the vibrations of the tracking coils can change the
detection limits. The Allan deviation is most likely different depending on the
sample that is being measured.
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8.2 CO; GASMAS

It has been established that it is possible to measure on COs in scattering
media. The detector used is not optimal for these type of measurements since
it gives relatively much noise, making it hard to see the signals. To improve
detection sensitivity, a better detector should be purchased. Another way of
increasing detection sensitivity could be to use tracking coils or vibrators to
reduce interference noise.

The measurements are unfortunately too noisy for an analysis of the line
shape of the signal in the nanoporous material. Measurements at low pressures
may also be necessary, to see any clear line broadening due to wall collisions.
Before this, it would probably be necessary to check the diffusion properties
of CO5 in the samples, since that has been found to be very different when
comparing HyO and Os.

When comparing Figure 7.3, the absorption of CO5 in a 12 cm straight path,
to values obtained from [17], the concentration corresponding to that strength
of absorption is around 7%. Assuming that the concentration is the same in
the sample of polystyrene foam, whose absorption is shown in Figure 7.4, the
equivalent path length in the sample of polystyrene foam is around 3 cm, again
by comparing with data from [17]. In the same way, the equivalent path length
in macroporous alumina would be around 1 cm, for 2.9 mm thick sample, and
3 mm in nanoporous alumina, for a 2 mm thick sample.

This is of course only a rough estimation, as the concentration of COs in the
plastic bag with the different samples is probably different. As the diffusion of
CO5 has not been examined, it could also be that slow diffusion caused lower
concentration in the samples than in the rest of the bag, even though every
sample was allowed to lie in the bag for at least 25 minutes before measuring.
For a more accurate path length, measurements would have to be performed at
known concentrations. However, this first estimation indicates a shorter path
length, i.e. weaker scattering, for light of this wavelength compared to the
wavelength used to measure on Oy [12].
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Chapter 9

Summary and future work

9.1 Summary

The absorption of light by Os confined in nanoporous zirconia ceramics has been
measured, and a broadening due to wall-collisions has been determined. The
results are in agreement with similar measurements presented in [28] and theory
presented in [11], which states that the wall-collision broadening can be added
with the pressure broadening to give the total broadening due to intermolecular
collisions and wall collisions.

The instrumentation for measuring on O in scattering media has been im-
proved by inserting a gas inlet that can be used to flush the pressure chamber
with pure Os, thereby increasing the strength of the absorption. The program
for data acquisition has been improved with a function that automatically deter-
mines the number of averages that will give a good signal. An Allan deviation
measurement has been performed on a sample of macroporous alumina, and it
was found that the system could distinguish an absorption of around 3 - 1072,
corresponding to an equivalent path length of 1.5 mm.

It has also been shown that the diffusion of O5 out of polystyrene foam
at low pressures is slow, and that the diffusion process can be described by
an exponential equation. This experiment also shows that it is necessary to
check that the diffusion of gas has ended before measuring the absorption in
nanoporous materials. If the diffusion has not finished, higher pressure in the
sample than in the ambient air will otherwise give a higher pressure broadening
than expected, making it difficult to analyze the line shape of the absorption
line.

A setup has been built to measure on COg in scattering media. Measure-
ments have been performed and it has been shown that it is possible to measure
on COs in scattering media. Better instrumentation, especially a better detec-
tor, is needed to be able to draw any conclusions about line broadening due to
wall collisions in nanoporous materials.

A setup has also been built to measure on HyO in scattering materials. It
has been shown to work, but the laser broke before any measurements could be
performed.
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9.2 Future work

It has been established that materials with smaller pore size give larger line
broadening. Future work could include trying to find a relationship that would
make it possible to measure the pore size from the line broadening of the ab-
sorption lines. Studying the line shape of the absorption line more in detail and
seeing if it is possible to determine an expression that describes the absorption
profile could also be attempted.

It would also be interesting to see if the line broadening is different for
different gases. For that purpose, a new laser for measuring on HyO could be
purchased. Also, a better detector for the CO5 system could make analysis of
the line shape easier. Then the wall-collision broadening of Os, HoO and CO4
could then be compared to see if there is a difference in the line broadening in
the same sample. To further investigate the line-broadening effect, the systems
for measuring on CO5 and H>O should be modified to be able to measure at
low pressures.

Another thing that should be performed is a measurement to determine the
diffusion properties of CO3 in the nanoporous samples. The diffusion of HoO
and Og in the same sample of ceramics has been shown to be very different [13],
and in order draw conclusions on the line-broadening of COy absorption lines
at low pressures, it is necessary to know how long it takes for the pressure to
be the same in the entire sample.
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