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1.0 Introduction

Over the past decades the increasing concern over the condition of the Earths
atmosphere has led to research into atmospheric monitoring. It is clear that mans
influence on the atmosphere has increased as the industrialisation of society has
increased. The concentrations of the trace gases in the atmosphere have been changing at

an alarming rate, with some concentrations varying by as much as 1% per year.

Evidence of this increasing rate of change can be found in densely populated areas of the
planet where large local Carbon Monoxide concentrations can be found. This climate
change is not only caused by the industrialisation. Intensive farming using Nitrogen
based fertilisers is thought to add to the trace gases In the atmosphere. These
atmospheric changes are thought to be responsible for two phenomena, ozone depletion
and global warming.

Ozone is one of the key molecules in the atmosphere. It 1s important for the biological

life on the planet that is protected from harmful UV radiation by the Ozone in the
atmosphere. Decreases in Stratospheric Ozone have occurred since in 1970s. The
discovery of the Ozone hole over the Antarctic was one of the events that has brought

the subject of atmospheric pollution to the front of public awareness.
Global warming is an effect that occurs naturally. Approximately a third of the radiation

from the sun is reflected back into space. Most of the rest of the radiation is absorbed by
the water and land on the surface of the planet. The absorbed radiation is re-emitted by
the planet, but at infrared wavelengths, rather than the shorter wavelength radiation
produced by the sun. Some of the infrared radiation is absorbed in the atmosphere by
naturally occurring greenhouse gases, such as Water, Methane and Carbon Dioxide. This
keeps the atmosphere warmer than it otherwise would be. This is the natural greenhouse
effect. If the concentrations of these natural greenhouse gases increases or if non natural

greenhouse gases are introduced into the atmosphere then the radiation trapping will

Increase.
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Several techniques have been developed to accurately and precisely measure the trace
gases In the atmosphere. These techniques range from ground based observations to
balloon, aircraft and satellite platforms. Measurements from these instruments have been
used to develop theoretical models to predict the long term effects of gases in the
atmosphere. These instruments are also helping the development of legislation designed
to reduce the emissions of pollutant gases from industrial sources and motor vehicles.
This has led to the need for the development of an instrument capable of long time

unattended operation for atmospheric trace gas monitoring. Tunable diode laser
absorption spectrometers (TDLAS) utilising semiconductor lasers have been widely

used for this purpose. They have been shown to provide high sensitivities. Until recently
near infrared lasers have been the lasers of choice, utilising a variety of detection
schemes. With the development of Quantum Cascade lasers high sensitivity mid infrared
spectrometers capable of running at near room temperature have been developed. The

mid infrared region contains the fundamental absorption transitions of most molecular

species, which should provide high sensitivities.

Page 2




2.1 Laser Theo

Page 3



2.1.1 Introduction

Since the laser * * was invented in 1960 by T. H. Maiman the applications of laser
technology have become countless. Today there are several different types of lasers that
impact our daily lives, including dye lasers, gas lasers, semiconductor lasers and others.
These lasers range in size from a few microns to the size of buildings. In this chapter I
will discuss semiconductor lasers, which are the basis for the work that I have done
during my PhD.

Semiconductor lasers, which were first invented in 1962 2, utilise one of two different

processes in order to emit light. The first process is electron hole recombination, which
is done in a bipolar device, involving a transition between the conduction band and the
valence band. The second process involves only one type of charge carrier and is
performed by unipolar devices. Semiconductor lasers can be made very small, typically
on the millimeter scale, which makes them useful in applications where size and weight
are a consideration. The first semiconductor lasers were constructed out of simple biased
p-n junctions, which will be introduced at the start of this chapter. I will also discuss the

technology behind a more complicated semiconductor laser, the Quantum Cascade Laser

(QCL), which is an example of a unipolar semiconductor laser device.

2.1.2 Bipolar Semiconductor Lasers

The optical gain of this type of semiconductor laser is provided in the active region of a
forward biased p-n junction. The p-n junction is formed from a single crystal
semiconductor. The p region is doped with acceptor impurities and the n region is doped
with donor impurities. The electrons from the n region diffuse into the p region and the
holes in the p region diffuse into the n region. The electric field across the p-n junction
limits the diffusion of carriers from the two regions. When the junction is biased the
electric field is reduced, which allows further diffusion. The depletion region, where

electrons and holes are both present, in the middle of the junction narrows. By reducing
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the size of the depletion region carriers require less energy to cross this region. By
applying a large enough voltage the p-n junction will begin to conduct. The electron hole
pairs in the depletion region, or active region, can undergo recombination. This

recombination can be radiative or nonradiative. Radiative recombination involves the

emission of a photon with energy, E, =hv, where E; is the bandgap of the material.

When the current flowing across the depletion region reaches a critical level population

inversion, which is one of the requirements for laser operation, occurs. The rate of
emission exceeds the rate of absorption which causes the junction to provide optical gain

to the system. The second requirement for a laser is that the output is coherent.
Coherence is achieved be forming an optical cavity around the junction. By cleaving the

two ends of the crystal two partially reflecting mirrors can be created. This forms a
Fabry-Perot cavity, which provides positive feedback. This type of cavity provides a
broad gain curve allowing several longitudinal modes to lase at the same time. This type
of laser is known as a homojunction laser.

This structure can be improved by encasing the active region with a layer above and a
layer below of material with a higher band gap. This reduces the amount of charge
carriers that diffuse out of the active region and thus reduces the threshold current. This
type of laser is called a double heterostructure laser.

These types of semiconductor laser can provide a tunable laser frequency output by
changing the length of the laser cavity. This can be done by changing the temperature of
the laser or the cavity length can be altered by external cavity feedback. This produces a
tunable diode laser (TDL) which can either operate in pulsed or continuous wave modes.
As the output laser wavelength is effectively set by the band gap of the materials chosen
the range over which materials may be used is limited. In the near infrared (0.5pm -
3um) Gallium Arsenide (GaAs) based lasers operate at room temperature and give
output powers of up to several Watts. In the mid infrared (3um -15um) lead salt laser

have been the laser of choice. These lasers tend to require cryogenic cooling and only

produce a few pWatts of output power.
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2.1.3 Quantum Cascade Lasers

The theory of Quantum Cascade lasers (QCL) was first proposed in 1971 by R. F.
Kazarinov and R. A. Suris *, A working Quantum Cascade laser was first produced in

1994 °, Even though the QC laser is a semiconductor laser, the structure of a QC laser is

very different to that of a bipolar semiconductor laser. A comparison of the band

structure of a conventional semiconductor laser and a QC is shown in Figure 2.1.1.
eooo®

i°°°| I ‘-I

Figure 2.1.1 — The left diagram shows the band structure of a conventional

semiconductor laser. The right diagram shows the conduction band of a Quantum

Cascade laser.

Unlike in a conventional semiconductor laser where the radiation is generated by the
recombination of charge carriers across the band gap a Quantum Cascade laser generates
light by using only one type of charge carrier. This is why the QC laser is a unipolar
device instead of a bipolar device. The QC laser is based upon the transitions of
electrons between excited states in the conduction band. The pumping of the laser relies
on the resonant tunneling of electrons into the upper laser level. The width of the
quantum wells and the height of the barriers define the energy levels inside the wells.
The energy gap between the upper laser level, n3, and the lower laser level, n,, defines
the wavelength of the emitted light rather than the material band gap. By tailoring the

width of these quantum wells the emission wavelength of the laser can be varied. The
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maximum energy separation of E; — E; and thus the smallest wavelength possible is set
by the conduction band discontinuity. This should allow wavelengths from the near
infrared out to the far infrared (3.5um-100um) * 7, which allows these lasers to access
the main molecular fingerprint region in the mid infrared (3um-15um). The population
inversion in the system is achieved by tailoring the quantum wells such that the lifetime
of the upper laser level is greater than the lifetime of the lower laser level. The active
region of the laser is formed by the quantum wells. By cascading active regions
alternatively with relaxation/injector regions a staircase effect can be created. The
relaxation/injector takes the electrons from the previous active region in the cascade and
quickly tunnels it into the upper laser level of the next active region. Each electron can
emit one photon per active region, which leads to the term “electron recycling”. This can
lead to quantum yields of greater than one. In an ideal system each electron would
produce a photon at each of the active regions, which would mean that the output power
of the laser is proportional to the number of active regions. In a typical QC laser as many
as 45 or more active regions are cascaded. The cascaded active regions are sandwiched
between thick cladding layers of lower refractive index, which provides optical
confinement. One of the advantages of Quantum Cascade lasers is that intersubband
transitions produce a spectrally narrower output compared to a bipolar semiconductor
laser due to the transitions between bands of the same curvature sign. Quantum Cascade

lasers also have the advantage of being able to operate at room temperature while being

much less sensitive to temperature fluctuations than Lead Salt lasers. Due to the cascade

of active regions QC lasers can be made to produce optical output powers in the Watts

range.
The typical optical output from a QC laser is multimode. In this case the device is
known as a Fabry-Perot QC laser (FP). These modes are separated by the Free Spectral
Range of the optical cavity. The ideal distribution of these modes 1s Gaussian. A
Distributed Feedback Laser (DFB) uses a diffraction grating grown on the QC to force

the device to be single mode. These types of devices tend to have a higher threshold

current than their equivalent FP Laser.
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2.2 Spectroscopy Theory
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2.2.1 Introduction

Spectroscopy is the monitoring of something by a process. There are many different
types of spectroscopy for looking at various different things. In my case the absorption

of light by a molecule is the tool used to study molecules. By better understanding the
interaction of molecules and light the results of my experiments can be better
interpreted. In this chapter I will cover some of the basic theory regarding the motion of

molecules and their interaction with light.

2.2.2 Molecular Classification

The moments of inertia of a molecule can be used to make a classification. The moment

of inertia, I, of any molecule through the centre of gravity about any axis is given by:
I= Z mi‘iz

where m; is the mass of atom i and r; s the distance from the inertial axis of atom 1. The

inertial axis of largest moment is the ¢ axis. The axis of least moment is the a axis and

the third axis, which is labelled axis b, is perpendicular to both the ¢ axis and the a axis
such that:

I 21, 21,

The three rotation constants used later in this chapter A, B and C are derived from these

three moments of inertia such that:

X =t
4nl,c

Page 10




where X is either A, B or C (in cm™). Using the moments of inertia molecules can be

grouped into the four distinct groups Linear, Spherical top, Symmetric top and
Asymmetric top. The last two can be further subdivided into oblate and prolate

symmetric tops and near oblate and near prolate asymmetric tops. The Ray asymmetry

parameter, K, can be used to determine how oblate or prolate a molecule is.

This parameter varies from -1 in the prolate limit to +1 in the oblate limit. In Table 2.2.1

the moments of inertia are related to their classifications.

Classification
Linear

Moment of Inertia
I[.=1,>1 =0

|

Spherical top
Oblate Symmetric top
Prolate Symmetric top

I >1 =1

!
l

I.=1>1

I.>1, =1 Near Oblate Asymmetric top

Near Prolate Asymmetric top

I~ >

)

2.2.3 Rigid Rotor

As molecules are made up of two or more nuclei the motion of these nuclei must be
considered as well as that of the electrons. This means that the energy of a molecular
system is the sum of the vibrational, rotational and electronic energies. Using the Born-

Oppenheimer separation these energies can be treated independently. The wavefunction,

Y, for the system can be written:
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Y=y Yy,

where v, is the electronic wavefunction, vy, is the vibrational wavefunction and vy is the
rotational wavefunction. By separating the three wavefunctions the energy levels
associated with the three types of motion can be more easily calculated. It is transitions
between different energy levels that leads to the absorption or emission of photons. In
the infrared the rotational and vibrational energy levels provide the transitions observed.
The energy required to make an electron move is not generated in the infrared and must

come from visible or ultraviolet radiation.

2.2.4 Diatomic Rotation

The rigid rotor approximation is a useful model for the rotation of diatomic molecules. It

assumes that the bond between the atoms is a rigid, weightless rod. The moment of

inertia about the centre of gravity is ':

mm
I= 177%2 r2=,ur2
ml+m2

where m; and m; are the masses of the two atoms, r is the bond length and p is the
reduced mass. By using the Schrédinger equation the allowed rotational energy levels in

the rigid rotor approximation can be found. The energy levels are given by :

h

E. =
.3/

J(J+1)=BJ(J+1)

where J is the rotational quantum number that can take the value of any whole number.
This means that the separation of the energy levels increases with J. The selection rules

for these energy levels are:
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AJ = =]

By substituting J into the energy level equation and by obeying the selection rules it can

be shown that a set of lines is generated that are spaced by 2B.

2.2.5 Diatomic Vibration

The vibration of diatomic molecules occurs when the bond length of the molecule
varies. This variation can be treated in the same we as we think of the motion of a

spring. The restoring force on the atoms can be examined with Hooke’s law:

f==k(r-r)

where k is the spring constant, r is the separation of the atoms and ro is the average bond

length. The energy of the system forms a parabolic curve of the form:

|
E='"2-k(}“—la)2

This model for the vibration of diatomic molecules is called the simple harmonic

oscillator model. The frequency of oscillation of this system is given by:

1 |k

O =— |—
2nc \| p

The vibrational energy levels of this system can be found by solving the Schrédinger
equation for simple harmonic motion using the parabolic energy potential shown above.

The solutions are given by:
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E,=hv(v+i)=w(v+i)

where v is the vibrational quantum number that can take the value of any whole number.

The selection rules for these energy levels are:
Av =%l

In the simple harmonic oscillator model the vibrational energy levels are equally spaced.

2.2.6 Rotation Vibration

In the separation of the wavefunction into the three components we have treated the
three motions separately. Transitions are permitted that alter the vibration and the
rotation of the molecule simultaneously, These rotation vibration transitions follow the

selection rules that govern the individual transitions such that AJ=0,%]1 and Av =411

must be satisfied. The energies of these transitions are the sum of the individual energies

of the vibration and rotation components. This is due to the Born-Oppenheimer
approximation. These types of transitions give rise to a spectrum of lines of spacing 2B
centred about a frequency . An example of a Fourier Transform Spectrum of a typical

Linear molecule, Carbon Dioxide, is shown in Figure 2.2.1.
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Fourier Transform Spectrum of Carbon Dioxide

1.0
0.8
-
O
% 06
k7
-
c 0.4
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-
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630 660 690 720

Wavenumbers

Figure 2.2.1 — The Fourier Transform Spectrum of Carbon Dioxide.

2.2.7 Morse Potential

A real molecule does not follow the simple harmonic motion model. When a molecular
bond is stretched it will reach a point where it will break. Also as the bond length is

decreased the intermolecular repulsion will increase forcing the atoms apart. These two

things which lead to anharmonicity are taken into account by the Morse potential *:
2
V(r)=D*[1-¢]

where D° is the dissociation energy of the molecule, ro is as above and a is given by:
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f k
a=,|—
2D°

Where k i1s the force constant and is analogous to the force constant in the simple

harmonic oscillator model. By solving the Schrédinger equation with a Morse potential

the vibrational energy levels become:

E =cv(v+%)--4cv;((v+-;-)2

v

where o is the oscillation frequency and wy is the anharmonicity constant. ¥ is given by:

_@h_oh
~ uw 4D°

The reduced mass of the system is given by p. This gives a solution of energy levels

with a decreasing separation with increasing v. A different set of selection rules is

required for the anharmonic case:
Av =%],12, £3,....

The transitions governed by the Av= 12,13 selection rules are known as the first and

second overtones. The probability of these transitions decreases by about a factor of a
hundred for each overtone above the fundamental transition. The transitions of the first
and second overtones will occur at approximately 20 and 3w respectively. At room

temperature almost all molecules will be in the ground vibrational state.

Page 16




2.2.8 Centrifugal Distortion

As the rotational velocity of a molecule increases the rigid rotor approximation begins to
fail. In real molecules the bond length increases with increasing with increasing quanta
of rotation. The increase in the moment of inertia experienced by the molecule is the
centrifugal distortion. This increased moment of inertia leads to a decrease in the
rotation constants and the energy levels of the system are less far apart at high J than
expected. The effect of the centrifugal distortion on the energy levels is found by solving

the Schrédinger equation for non rigid rotation:
E,=BJ(J+1)-DJ*(J +1)
where D is the centrifugal distortion term and is given by:

h3
D=
dnl*r*ke

The selection rules for the non rigid rotor case are the same as the rigid case.

2.2.9 Polyatomic Molecular Vibration

The treatment of molecular movement so far has concentrated on diatomic molecules.
The effect of rotation and vibration on polyatomic molecules must be considered. For a
nonlinear molecule made up of N atoms there are the 3N-6 different possible vibrations.
For linear molecules there are 3N-5 different possible vibrations. These vibrations occur
because there are 3N degrees of freedom. Three of these degrees are required to specify
the translational movement of the system and a further three are required to specify the

perpendicular rotation of the system. In the linear molecule case only two angles are
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required for the perpendicular rotation. In some cases some of these vibrations may be
degenerate with each other. An example of three different vibrations in a linear molecule

1s shown in Figure 2.2.2.

Figure 2.2.2 — Three examples of vibration. (a) antisymmetric stretch. (b) symmetric

stretch. (c) orthogonal bending vibration.

The change in the electric dipole of the molecule during a transition can be used to
classify the type of vibration. If the change in dipole moment is along the symmetry axis
the vibration 1s parallel and if the change in dipole moment is at right angles to the
symmetry axis the vibration is a perpendicular vibration. Vibrations that cause a change
in dipole moment are said to be infrared active as they can contribute to the vibrational
absorption spectrum. The selection rules for a polyatomic molecule are altered such that
combinations and differences of vibrations are permitted. This allows bands to be

produced of the form: vi-v; and 2va+v;. These bands are normally very weak compared

to fundamental vibrations.
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2.2.10 Polyatomic Molecular Rotation

Linear polyatomic molecules rotate in a similar way to diatomic molecules. The energy
levels associated with these rotations are given by the same expression. Due to the

generally larger masses in linear polyatomic molecules the spectra lines will tend to be
closer together than in the diatomic molecule case. In the case of a symmetric top

molecule the energy levels associated with rotation are more complex. This arises from
the fact that the molecule can rotate in two directions at the same time. This means that

two quantum numbers are required to represent the rotations. The total angular

momentum 1s represented by J and the rotation about the top axis 1s denoted by K. The

energy levels for a symmetric top are given by:
E,x = AK* +B[J(J+1)-K* |- D,J* (J+1)’ = Dy J (J +1) K* - D¢ K*

where the centrifugal distortion constants are given by Dj, Dy and Dg. A and B are the

rotational constants for the two inertial axes a and b. The quantum number J takes any

whole number as before and K can take any value in the range:
K=-J,-(J-1),-(J-2),...,0,....., J =2,J =1, J

The selection rules for this type of molecule are:
AJ=11,AK =0

The spectrum associated with these transitions is similar to the diatomic molecule case

except that for each of the rotational transitions there are J+1 additional lines created by
K.
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2.2.11 Polyatomic Molecular Vibration Rotation

For the rotational vibrational transitions the selection rules are different depending on

the type of vibration. For a parallel vibration in a linear molecule the selection rules are:
AJ =z, Av=11,12,13,....

For a perpendicular vibration in a linear molecule the selection rules are:
AJ=0,11, Av==1,12, 13,....

For the case of the perpendicular vibration a transition can occur between the vibrational

levels that preserves the rotation of the system. These transitions are known as Q branch

transitions. For the parallel vibration of a symmetric top the selection rules are:

Al=0,z1,Av=x],AK =0

For a perpendicular vibration in a symmetric top the selection rules are:
AJ=0,t1,Av=1],AK =+1

With these selection rules the Q branch transition is allowed. An analysis of more

complicated molecular geometries such as asymmetric rotors can be found in Herzberg

>, The spectrum of the v4 band of Methane, which is a spherical top polyatomic molecule

is shown in Figure 2.2.3.

Page 20
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Figure 2.2.3 — The Fourier Transform Spectrum of the v4 band of Methane.

2.2.12 Linear Absorption Spectroscopy

In linear absorption spectroscopy the radiation intensity used to probe a system is

assumed to be not large enough to perturb the population distribution of the energy

levels in the system. If we consider the change in light intensity, dI(v), as a light beam

passes through a medium of thickness dx:
dI(v)=-k(v)I(v)dx

where I(v) is the initial light intensity and k(v) is the absorption coefficient of the
medium at the frequency v. By integrating with respect to x for the above equation we

obtain the following equation:
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I(v)=1,exp [-k(v) x]

where I, is the initial light intensity and x is the thickness of the absorbing medium. The

integrated absorption coefficient over an absorption line can be obtained by integrating

over the absorption coefficient k(v):

Ik(v)dv— (N -Nj)

J&i

where i and j are the lower and upper levels associated with the absorption and N; and N;

are the populations of those levels. Bji is the Einstein B coefficient of stimulated

absorption, such that:

(s =3 Ly s, -,

J>i Ei

k(v)=S,..f (v-v)

S, =S°P

line

where g; and g; are the statistical weights of the levels i and j. S° has dimensions of linear

absorption coefficient (cm 'atmosphere™). P is the number density such that Sje has

units of cm ' molecule™.

The Beer-Lambert law is only valid if there is no appreciable saturation of absorption.
At high gas pressure the law begins to go nonlinear. In some of the work done in this

thesis noticeable power saturation has been observed. A description of power saturation

can be found in Section 4.
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2.2.13 Lineshape Function

In the measurements made in this thesis the natural lineshape of absorption lines has
fallen into three different categories. These three categories are the Doppler broadened

lineshape, the pressure broadened lineshape and the intermediate case. All states, except
the ground state, decay with a characteristic lifetime, 1. By the uncertainty relation the
energy of such a state cannot be exactly determined. The energy is uncertain by an

amount of order h/r. This leads to all radiative transitions having a characteristic

linewidth. This linewidth can be altered when molecules undergo collisions. Collisions

broaden the energy levels of the molecules and, in general, lead to larger linewidths.
At low gas pressures Doppler broadening, which is the broadening arising from the
motion of the molecules relative to the detection system, dominates the lineshape of a

transition. The shape of the line undergoing Doppler broadening is a Gaussian function

of the form;

g(v-v,)=

1 exp _(v-vo )2
N 5
v, {2kT

where § = M The half width at half height is given by §/In2.
C

At high pressures the pressure broadened lineshape is Lorentzian function of the form:

vev. )= /7,
(v (v=vo) +7} ]

where the half width at half maximum, v, is given by:
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T,
71. =[7aPa +ybe]J_'_r'9:

where v, and ¥, are the self and foreign gas broadening coefficients and P, and Py, are the

partial pressure of the gases.

When the gas pressure is at an intermediate level the lineshape function is a convolution

of a Lorentzian and a Gaussian. This convolved lineshape is called a Voigt function,

which takes the form:

g(v—v0)=—;—

Bx CXp I:"'y 2 ]
LlF e

where:

x=Z—"-\lln2

VD

- (v—vo)m

VD

The integral can be approximated in many different ways, such as the Humlicek *

derivation. The width of the function can be empirically determined using the following

expression:

y, =0.536y, +,/(0.21667; +77 )
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2.3 Astismatic Herriott Cell
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2.3.1 Introduction

The astigmatic Herriott cell is a multipass cell ' based on the Herriott cell first proposed
by D. R. Herriott * in 1965. The cell consists of two identical mirrors separated by a

distance d. Unlike the standard Herriott mirrors, which are standard spherical mirrors, an
astigmatic Herriott mirror has two radii of curvature. The laser beam enters and exits
through a small hole located centrally on one of the mirrors. As the laser beam
propagates around the cell bouncing between the mirrors the asymmetry of the
astigmatic mirrors spreads the spots on the mirrors more evenly across the faces of each
mirror. This allows for more passes to be made around the cell when the astigmatic

mirrors are used compared to the standard spherical mirrors. An example of an

astigmatic mirror 1s shown in Figure 2.3.1.

Figure 2.3.1 — An astigmatic Herriott cell mirror schematic.

The asymmetry of the mirrors focuses light by different amounts in the two optical axes.
In order to achieve a re-entrant solution any manufacturing flaws in the mirrors must be

compensated for. It has been shown by J. B. McManus et al ' that by rotating one of the

mirrors about its middle and by changing the separation of the mirrors the sufficient

corrections can be made. This allows the manufacturing tolerances on the mirrors to be

reduced.
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2.3.2 Astigmatic Herriott Cell Model

The propagation of light in an astigmatic Herriott cell can be modelled using a set of ray
tracing matrices. The matrix for one complete traversal of the cell, C(R,d), is the product
of the free space propagation matrix, D(d), and the reflection matrix, R(Ry,Ry), such
that;

C(R,d)=R(R)-D(d)-R(R)-D(d)

Where:
1 d 0 0
0 1 0 0
D(d)= 0 0 1 d
0 0 0 1
And
| 0 0 0
_2
R ] 0 0
R(R,R,)= 0 0 1 0
0 0 - 2R 1

Such that d is the separation of the two astigmatic mirrors and Ry and R, are the two
radii of curvature of the astigmatic mirrors. In order to fully understand the propagation

of light through the cell the rotation of one of the mirrors must be taken into account.
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This is done by modifying the reflection matrix by adding the rotation matrix, T(6,), into

the ray tracing equation.

cos b, 0 sin g, 0
0 cos b, 0 sing,

-siné, 0 cosf O
0 =-sinf 0 cosf

r(6)-

Where the rotation angle of the mirror is 6.

The modified reflection matrix, R’(R4,Ry), becomes;
R(R.R,)=T(-6,)-R(R,R,)-T(6)

The coordinate of the beam spot after n passes, Zy, is given by C'(R,D)- Z¢ where;

And
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Where xq, Yo, Xn and y, are the spatial coordinates of the spot at zero passes and n passes
and Xo’, Yo', Xa’ and y,’ are the slopes of the vectors after zero and n passes. These
equations have been used to create a MATLAB ° program which has been used to

investigate the properties of the astigmatic Herriott cell.

2.3.3 Astigmatic Herriott Cell Solutions

The solutions to the model vary with the changing of the radii of curvature of the mirrors

used. In this case the radii of curvature were fixed to the values present in the mirrors
that were already owned by the research group. The radii of curvature of these mirrors

were designed by a previous PhD student from the group * For all of the solutions used;

R =71.274cm
Ry =67.425¢cm

During the course of my work different astigmatic Herriott cell solutions were used,

however the mirror separation, d, for all of the solutions was approximately S0cm. The
separation of the mirrors was limited by the size of the glass pipe used to house the cell.

The first of the solutions used during the initial testing phase of the instrument

development was an 18.1m, 36 pass, solution. This solution was created by setting the

mirror separation to 50.35¢cm and rotating the back mirror by 28.1°. The back and front

mirror solutions are shown in Figure 2.3.2.
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Figure 2.3.2 — The left two graphs show the spot pattern for the front mirror and the
right two graphs show the spot pattern for the back mirror.

For the top two graphs the larger diameter spots come nearer the start of the solution and
the smaller diameter spots occur at longer times into the solution. The bottom two
graphs show the spot number on each of the mirrors. On the front mirror spot 1 is the
entrance spot and spot 19 is the exit spot. This solution was used in the testing phase of
the instrument because it was found to be very insensitive to tilt, rotation and separation
changes, which is ideal when first testing the astigmatic Herriott cell. The other good
point of this solution is that it is easily recognisable, which is a key part to aligning the
cell. Due to the relatively short pathlength achieved with this solution no measurements
made with this solution are reported in this work. The second solution to be used was a

202 pass solution. This solution involved setting the mirror separation to 49.967cm and
the mirror rotation to 19.9°. This yields a pathlength of 100.9cm. The back and front

mirror spot patterns for this solution are shown in Figure 2.3.3.
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Figure 2.3.3 — The left two graphs show the spot pattern for the front mirror and the
right two graphs show the spot pattern for the back mirror.

For the top two graphs the larger diameter spots come nearer the start of the solution and

the smaller diameter spots occur at longer times into the solution. The bottom two
graphs show the spot number on each of the mirrors. On the front mirror spot 1 is the
entrance spot and spot 102 is the exit spot. Much of the work done in this thesis at 10pm
was carried out using this solution. The rotation and separation sensitivities of this
solution have been calculated before * to be 0.76mm and £1.23° A photo of the back

mirror for this solution is compared to the simulated spot pattern in Figure 2.3.4.
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Figure 2.3.4 — The back mirror of the 202 pass solution.

For the rest of the work done at 10um a 132 pass solution was used. This solution was
produced by setting the mirror separation to 50.1cm and the mirror rotation to 16.8°.

This yielded a pathlength of 66.1m. The back and front mirror spot patterns for this

solution are shown in Figure 2.3.5.
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Figure 2.3.5 — The left two graphs show the spot pattern for the front mirror and the
right two graphs show the spot pattern for the back mirror.

For the top two graphs the larger diameter spots come nearer the start of the solution and
the smaller diameter spots occur at longer times into the solution. The bottom two
graphs show the spot number on each of the mirrors. On the front mirror spot 1 1s the
entrance spot and spot 67 is the exit spot. Even though several spots are close to
overlapping each other no fringing was detected in the spectra recorded with this setup.
In order to test the stability of this pattern an iterative version of the astigmatic Herriott
cell modeling program was written and used. This program calculated the number of
passes in the Herriott cell over a range of angles and mirror separations, which gave a

map of solutions. The stability of the 132 pass solution is shown in Figure 2.3.6 as a

function of rotation angle and mirror separation.
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Figure 2.3.6 — The stability of the 132 pass solution as a function of mirror separation

and mirror rotation angle.

Each of the dots represents a point on the iteration map. The resolution of the integration

was 0.1° and 0.0075cm. The sensitivity of the astigmatic Herriott cell was found to be

more tolerant to changes in mirror rotation than mirror separation, which is why the

angle resolution used was coarser than the mirror separation resolution.

For the work done in this thesis at 8um a longer pathlength solution was found to

increase the sensitivity of the spectrometer. A 232 pass solution was settled upon. This

solution can be created using a mirror separation of 49.49¢cm and a mirror rotation angle

of 15.7°. This solution provides a pathlength of 114.8m. The back and front mirror spot

patterns for this solution are shown in Figure 2.3.7.
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Figure 2.3.7 — The left two graphs show the spot pattern jfor the front mirror and the

right two graphs show the spot pattern for the back mirror.
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For the top two graphs the larger diameter spots come nearer the start of the solution and
the thinner diameter spots occur at longer times into the solution. The bottom two graphs
show the spot number on each of the mirrors. On the front mirror spot 1 is the entrance
spot and spot 117 is the exit spot. This solution has an easily recognised spot pattern
with well separated spots. Using the MATLAB iteration program the stability of this
solution has been tested. The stability of the 232 pass solution is shown in Figure 2.3.8

as a function of rotation angle and mirror separation.
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Figure 2.3.8 — The stability of the 232 pass solution as a function of mirror separation

and mirror rotation angle.

This solution is less stable than the previous 132 pass solution. This is because the

Herriott cell acts like a pair of irises separated by the pathlength created by the mirrors.

Page 36




As the pathlength increases the allowed tolerances on the light getting through the cell

decreases and thus the stability of the solutions decrease with increasing pass numbers.

2.3.4 Conclusions

A MATLAB program has been written to model the propagation of a laser beam through

an astigmatic Herriott cell. This program has been used to find long pathlength solutions
and to test the stability of these solutions. The spot patterns from these solutions have
been tested against the actual spot patterns when the cell is setup and they have been

found to be in good agreement. It was found that the stability of a solution decreased as

the number of passes increased.
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3.1 Spectrometer Design
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3.1.1 Introduction

This chapter describes the development of a high resolution (~0.005cm™) Quantum
Cascade laser based mid infrared absorption spectrometer (QCLAS). The need for
accurate and precise measurements of trace atmospheric gases has been discussed in
chapter 1. These gases, released from industrial and agricultural sources, have brought
the publics attention to the subject of global warming and the consequences of air
pollution. Several techniques have been developed to monitor gases in the atmosphere.
Traditionally lead salt lasers have been used to probe trace gases in the mid infrared.
These systems ' are capable of high resolution and high sensitivity; however they require

cryogenic cooling and suffer from temperature cycling. In recent years the development
of Quantum Cascade lasers ° has allowed the development of new mid infrared

spectrometers. Two techniques have been pioneered for the use of these new lasers.
Most of the present generation of QC based absorption spectrometers are based on the
method developed by Namjou et al °. These systems use short current pulses (~ 3 to 10
ns) applied to the QC, which generates a pulse in the spectral domain. This spectral
pulse is tuned through an absorption feature by applying a slowly varying sub threshold
current ramp to the pulse train, This results in a quadratic tuning function. Using this
technique tuning ranges of 0.23 cm™ to 0.74 cm™! have been reported *. Once the data

has been recorded this quadratic tuning effect must be corrected. For systems utilising

phase sensitive detection in order to achieve trace level sensitivity a modulation of
several kilohertz is applied to the current ramp and as a result the rate at which data can
be collected is limited. The second method for driving Distributed feedback Quantum
Cascade lasers was developed as a result of work done within the group >, Our technique
applies long current pulses (50ns — 1500ns) to our laser. This generates a pulse in the
frequency domain, which frequency down chirps up to 5 cm”. We infer spectral
information from the time domain pulse. This allows us to observe the spectral profiles
of gases in real time at very high repetition rates. The signal to noise ratio of our system
is maximised by sequentially averaging large numbers of scans rapidly, giving a Vn

signal to noise improvement over n scans. The scan is linearised using a Germanium
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etalon. Our technique has several advantages, such as we record an entire spectrum with
each laser pulse as opposed to building up a spectrum one data point per laser pulse.
Also the electronics used in our setup are less complicated as we do not require lockin

amplifiers or Bias-T’s.

During this work two lasers have been used for the majority of work. Both lasers were
bought from Alpes Laser. The first diode operated at 10.2 um, which covered Carbon
Dioxide and Water in the atmosphere and Ethylene, Ammonia, Water and Carbon
Dioxide in combustion processes. The second laser operated at 7.84 um, which covered
Methane, Water and Nitrous Oxide in the atmosphere and Methane, Water, Nitrous
Oxide, Carbon Dioxide, Acetylene and Formaldehyde in combustion processes. The

instrument is designed to make high sensitivity measurements with excellent selectivity

of multiple gases in the atmosphere or in combustion exhausts.

3.1.2 Optical Setup

In this section the optical setup of the QCLAS will be discussed. Figure 3.1.1 shows a
schematic of the optical layout of the QCLAS.

Optical Table

Multipass Cell

3ichmic Mirror o
— Diode

Iris Inis

Figure 3.1.1 — Optical Layout of QCLAS
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