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This thesis presents work examining the characteristics and applicability of quantum
cascade lasers. An introduction is given explaining both the desire for a widely tunable,
narrow bandwidth device working in the midinfrared, as well as detailing the ways in
which quantum cascade lasers (QCLs) fulfill these requirements. The development and
manufacture of QCLs are then discussed. The experimental section of this thesis is then

split into three parts.

Chapter [2| concerns the characterisation and application of several pulsed QCLs. The
intrapulse mode of operation is employed and the effect of the resulting rapid frequency
chirp upon molecular spectra is investigated in the form of rapid passage signals. The
evolution of said rapid passage signals is then investigated as a function of chromophore
pressure and identity, with different QCLs, chirp rates, and optical path lengths. The

prospect of producing population transfer with chirped lasers is discussed.

Chapters and 5| are then concerned with the application and characterisation of
continuous wave QCLs. In these chapters a widely tunable commercially produced EC-
QCL is utilised as well as two DFB QCLs, one of which is used in tandem with a home-
made mount and temperature controller. In Chapter [3] a number of sensitive detection
techniques are compared with the employment of wavelength modulation spectroscopy,
long path cells and optical cavities, and the narrow bandwidth of QCLs utilised to
determine a previously unknown spectral constant of DBr. Chapters [d and [p] then utilise
the high power of an external cavity quantum cascade laser in sub-Doppler Lamb-dip
and polarisation spectroscopy measurements and then a pump-probe experiment. The
laser linewidth is investigated on a millisecond timescale returning a current noise limited
value of c.a. 2 MHz and the fundamental linewidth of the device investigated by altering
the injection current. Chapter [5|is concerned with the pump-probe experiment, directly
measuring the hot band absorption in a ladder like transition (R(6.5) 10= 1+ 0 and
P(7.5)% v =1 ¢ 0). The Bennett peak in the hot band is observed with a DFB-QCL
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swept at ~ 0.15 MHz ns~! and is seen not just as a pump bandwidth limited lineshape,
but as a highly velocity selected rapid passage signal. The effect of pressure, pump and
probe scan rate and power upon this rapid passage signal is also studied. It is further
noted that rapid thermalisation occurs within v = 1 such that at pressures above c.a.
30 mTorr a broad NO doublet absorption is observed beneath the Bennett peak from
which a total population transfer of c.a. 16% can be estimated. Finally an experiment
is discussed in which this population transfer could be increased for use in secondary

applications.

Chapter [6] then presents initial measurements with two prototype pulsed 3.3 pm QCLs
considering the prospects of such devices. A Fabry-Pérot device is first studied using
a Fourier transform spectrometer and temperature tuning used to produce a spectrum
of the Q-branch of CH4 around 3025 cm~!. Experiments are then performed using a
DFB QCL investigating the chirp rate of the system as an indicator of the rate of heat
accumulation within the system. Heat management is of particular consideration when
the sea-change is made from pulsed to continuous devices. For this device absorption

spectra of two CHy transitions at 2971 cm ™!

are used to determine the chirp rate, which
is found to be c.a. 1.8 GHz ns~!, at least an order of magnitude higher than that of the

longer wavelength pulsed devices considered in Chapter
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Chapter 1

Introduction

1.1 Absorption Spectroscopy

As monochromatic radiation is passed through an absorbing homogenous medium the
transmitted intensity, I, is determined by the incident intensity, Iy, the frequency depen-
dent absorption cross-section, o, the path length, [, and the number density of absorbing

particles, NV, in a manner described by the Beer-Lambert Law.
I = Ipe oW (1.1)

The degree to which light is absorbed is thus quantified, and from the magnitude of

absorption the concentration of a system can be determined.
A=—In(I/Iy) = olN (1.2)

This, most simply, can be referred to as absorption spectroscopy, an absolute technique.
The sensitivity achieved in an absorption spectroscopy can be characterised by the ratio
of signal to noise (S/N). Signal here corresponds to the absorbance, A, a measure of the
fractional change of intensity through a sample, and noise, N, a single standard deviation
of the baseline signal. In this case it is evident that in order to increase the signal
magnitude and thus the sensitivity of absorption spectroscopy, there are three relevant
variables. A larger number density will increase the degree of absorption, and whilst
this is not always possible - particularly when real time measurements are required-
it is a technique applied to trace gas analysis in the form of ‘preconcentration’. The
path length may be increased, whether by a multipass cell or through the use of an
optical cavity, and both of these techniques are discussed in detail in Chapter (3| Finally,

the absorption cross section, a measure of how strongly a molecule interacts with light,
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whilst not initially appearing to be mutable is in fact variable; a given molecule will
absorb at a wide range of wavelengths corresponding to transitions between different
forms of energy level (rotational, vibrational and electronic) with cross sections varying

by many orders of magnitude.

Industrial development of near-infrared (NIR) (0.8 pm — 2.7 pm) semiconductor diode
lasers for telecom based applications has led to a wide variety of cheap and reliable radi-
ation sources based on elements from the III and V groups of the periodic table (I1I-V).
These devices were easily applicable to the interrogation of ro-vibrational transitions and
indeed are still widely used for tunable diode laser absorption spectroscopy (TDLAS).
The ro-vibrational transitions in the NIR are however relatively weak (integrated cross

2 em~'molecule™!) as they typically correspond to either

sections of the order 10723 cm
combination bands which are formally disallowed in the harmonic approximation or hot
bands. In contrast, between 3 pm and 12 pm, termed the mid-infrared (MIR), bands are
several orders of magnitude stronger, corresponding as they do to the fundamental vi-
brational transitions (Figure which are strongly allowed, and generally access pairs

of states with a large population of molecules in the ground state at room temperature.

1 : 1 ' 1 ' 1 ' 1
~ 10| NIR | — NH, A
= ] — NO
S o - « 2 o
23 i MIR — CH,0
28 °r e NO -
& O - : — CO .
(DE E CH4
o. 6f ; — NO 7
s5 T i '
3 2 ' E '
£ of s , :
AN i
0 2 4 6 8 10

Wavelength (um)

FIGURE 1.1: Integrated absorption cross-sections of a selection of atmospherically
important molecules for their near and mid-infrared transitions [I]. Transitions in the
near infrared are several orders of magnitude smaller than those in the near infrared.

The prevalence of these strong transitions presents an ideal spectral range for a number

of applications; from trace gas sensing in its many guises (atmospheric studies, medical
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diagnostics, engine performance studies etc); to reaction kinetics and dynamics studies,
and pertinently in the case of this thesis, population transfer studies. It is however,
not possible to design efficient traditional semiconductor diode lasers with appropriate
band gaps to operate in the MIR and consequently alternative radiation sources had to
be considered. The following section presents some of these alternatives, and discusses

their strengths and weaknesses.

1.1.1 Midinfrared Radiation Sources

Carbon dioxide and carbon monoxide lasers have long been in use for MIR spectro-
scopic studies. They are typically high power (up to kW), devices capable of operating
in both pulsed and cw modes, and with output wavelengths determined by the posi-
tion of the vibrational transitions of the corresponding carbon oxide (9.4 & 10.6 pm for
CO2 and 5.3 um for CO). When operating in cw mode these devices often have narrow
linewidths, and their high powers allow their use for multiphoton dissociations [2]. Un-
fortunately however, these transition wavelengths are not tunable and as a consequence
neither are the lasers. Consequently spectroscopic application is limited to molecules
with transitions coincident or near-coincident with CO/CQOq transitions, restricting their

applicability.

An alternative to direct MIR sources is the production of radiation through a non-linear
optical process utilising widely available sources in the NIR: Difference Frequency Gener-
ation (DFG). Here, two lasers at frequencies w; and wy are combined, and passed through
a crystal with a high second order electromagnetic susceptibility (typically LiNbO3). In
general there would be several non-linear processes in operation, but by manipulating
the phases of the radiation within the crystal it is possible to favour DFG such that a
third photon is produced with a frequency ws = wo —w1. This methodology can be used
to produce continuous, narrow bandwidth light (< 20 MHz), tunable through scanning
the frequency of either of the incident lasers. However, even with near perfect phase-
matching using a periodically poled LiNbO3 crystal, conversion efficiency is poor (c.a.
0.04 % W=tcm™! [3]) meaning that typical output powers are in the pW range, even
with relatively high input powers. Furthermore, the continuous tuning range is some-
what limited by the need to maintain phase-matching for optimum output efficiency.
The efficiency of these devices can be improved by the addition of waveguides, but typ-
ically only by the order of 10x [4] and as such DFG is rarely used outside the 3 pm

region where there is little alternative.
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Another non-linear technique used to produce MIR light is that employed in Optical
Parametric Oscillators (OPOs). Here, a single pump beam at ws is applied to a non-
linear crystal (again LiNbOgs is commonly used), and two photons are created at ws
and wi, such that ws = wy + wy [5]. The exact wavelengths are determined by angle
or temperature tuning of the crystal much like DFG, and several Watts of power can
be achieved with the help of a resonant cavity. OPOs work in either continuous wave
or pulsed mode, and can be tuned over a very wide spectral range. However, light is
typically produced with a bandwidth in excess of 0.1 cm™! [6] so is not applicable to
high resolution studies, and though stabilisation methods do exist, the methodology is

non-trivial.

The most popular devices for TDLAS in the mid-infrared have, until recently, been
Pb-Salt diode lasers [7]. These are effectively normal semiconductor diode lasers, manu-
factured from lead chalcogenides with band gaps between 2 and 20 pm. As these devices
are merely a different mode of diode lasers they have a lot of positive qualities, includ-
ing tunability, narrow bandwidth and cw output. However, output powers tend to be
fairly low (sub-mW), and more importantly, cryogenic cooling is required for operation
- adding extra layers of complexity, and effectively barring the devices from tertiary use

for instance by a medical professional.

Figure [I.2] shows the operating wavelength ranges of some of these radiation sources,
alongside that of a completely different device: the quantum cascade laser, a semicon-
ductor based device which has been shown to operate between 2 and 120 pm and is

described in detail in the next section.

QCLs

- Lead Salt Lasers

CO Lasers I I CO, Lasers

_ I
- Diode Lasers
I " " b a2l " " bt a2l

1 10 100
Wavelength (um)

FI1GURE 1.2: Wavelength regions accessible with a selection of radiation sources across
the infrared.
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1.2 Quantum Cascade Lasers

Traditional semiconductor diode lasers operate upon a fairly simple principle whereby
a population inversion is created between energy levels. Electrons in the conduction
band combine with holes in the valence band and photons are produced as is shown
schematically in Figure As the energy gap gets smaller however, and emission
frequencies move from the NIR to the MIR, Auger recombination becomes the main
loss mechanism of III-V devices [g], drastically reducing their efficiency and making this

design unsuitable for use at longer wavelengths.

Conduction Band

ho

JAVAVAV -

Valence Band

FIGURE 1.3: A schematic of an example diode laser active region. An electron relaxes
from the conduction band into the valence band releasing a single photon.

In 1970, Esaki and Tsu [9] introduced the concept of semiconductor superlattices made
up of barriers and wells thin enough to exhibit resonant tunnelling, and the following
year Kazarinov and Sunis [10] built upon this concept, proposing a laser gain medium
composed of such a superlattice. Material engineering techniques of the age however,
were unable to fabricate such a device, and it was not until 1994 that an experimental

demonstratration was realised by Faist et al. [I1] in the quantum cascade laser (QCL).

A typical active region of a QCL is depicted in Figure Nanometre thick, monocrys-
talline layers of semiconductor of alternating band gap are deposited using an epitaxial
technique (e.g. molecular beam epitaxy (MBE)). If the thickness of the layers approaches
the de Broglie wavelength of the material (~ 25 nm in GaAs) then a quantum well is
created analogous to the simple particle in a box system with energy levels determined
by the layer thickness. Furthermore, if these wells are layered upon each other with

barrier thicknesses less than 5 nm then electron tunnelling between wells becomes an
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efficient process and a four level laser system can be created. This principle is shown in
Figure electrons are injected from an upper state (level 4) into level 3, a radiative
transition then occurs to level 2, from which electrons rapidly depart into level 1 and
then into digitally graded alloy, continuously maintaining the population inversion over
levels 2 and 3. Finally, by applying a voltage gradient to the gain medium the system
tilts in energy and a single electron can continually ‘cascade’ though a concatenated

series (typically 30-100 [12]) of discrete active regions, producing a photon at each.
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FIGURE 1.4: The active region of a QCL. Electrons are pumped from the continuum

(level 4) into the top level of the lasing transition (level 3) before radiatively relaxing

to level 2. Electrons then flow rapidly from level 2 to level 1 before tunnelling into the
continuum and eventually into the next active region. Adapted from [I1].

As all transitions in this design are intra-band, and there is no annihilation of charge
carriers, a single electron can produce a large number of photons during the cascade,
leading to high wall plug efficiency (< 53 %) [13], and allowing output powers of several
Watts to be achieved from a single chip [I4) [I5]. Further, as the energy levels within
the wells are determined by quantum confinement, the energy of the lasing transition is
determined entirely by the thickness of the layers, and there is no need for exotic materi-
als with specially designed band gaps. Instead mature semiconductor technology can be
employed, and well known materials utilised (e.g. InGaAs/AllnAs or GaAs/Al(Ga)As).

The layers deposited to create the gain medium are so small that the active part of the
chip is of the order of millimetres deep and micrometres wide, whilst the bulk resonator
(including cladding, etc.) has a length of the order of a centimetre. Figure [1.5{(a) shows
a QCL chip on its mount alongside a penny for scale, whilst Figure (b) shows a zoom
upon the chip itself. The laser is grown upon a wafer and then this wafer is placed on a

copper mount for thermal dissipation. Gold contacts are then adhered to the top of the
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chip and connected to a contact on the mount via gold wires for inclusion into a circuit.

(a)

FIGURE 1.5: (a) A mounted QCL chip shown alongside a penny for scale and (b) a
zoom upon a mounted QCL chip. Seen here is the laser on a copper block for thermal
dissipation with an electric contact on the left hand side, gold wires extend from the
copper contact to the top of the narrow QCL chip on top of the much broader substrate.

Unlike conventional diode lasers, because of the very efficient phonon scattering rate,
the non-radiative lifetime of level 3 is much higher than that of spontaneous emission (ns
vs ps). As a result, noise due to spontaneous emission is suppressed and the linewidth
of the emission can inherently be very narrow [16] (a topic which shall be discussed in

more detail in Chapter [4)).

In the first instance QCLs were produced only in pulsed form with the need for cryogenic

cooling. Huge volumes of heat can be produced during lasing, as Joule’s first law states:
Q= I’Rt (1.3)

where @ is heat, I is current, R is resistance and t is time. At threshold of the first
reported QCL at 10 K, 850 mA of current were flowing through the laser with a resultant
voltage of 8 V [I1], meaning that 7 W of heat would need to be dissipated for continuous
operation. As the temperature of operation increases for a QCL chip, the threshold
of operation increases also, meaning that there was no prospect at all of these initial
devices operating continuously at room temperature. However, changes in waveguide
and improvements in bandgap design for efficiency such as the bound-to-continuum
modification [I7] have improved matters. A further improvement is so called ‘epi-down’
mounting when the laser is mounted such that the gain medium itself is in direct contact
with the thermal contact, leading to much improved heat dissipation over the more

typical substrate down designs.
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These improvements mean that whilst in 1994 operation was only possible in pulsed
mode at cryogenic temperatures (< 90K), currently pulsed mode QCLs are operable
with air cooling only and cw devices operate at room temperature - though most com-

monly with water cooling in order to dissipate the heat produced during operation.

There are a number of variations upon this basic structure that have been developed in
order to change the properties and improve the performance of the QCL gain medium.

Some of these are discussed in the next section.

1.3 Gain Medium Variations

There are two basic forms of lasing transition within QCLs, referred to as vertical and
diagonal depending upon whether the radiative transition occurs within a single quantum

well or between adjacent wells, respectively.

For gain media with a vertical lasing transition the separation of the two relevant energy
levels is reasonably independent of applied electric field and consequently also of tem-
perature [I8, [19]. This can be of particular use when building a stable, fixed frequency
QCL, but can also limit the tuning range of these devices. In contrast the first QCL
gain medium design was based upon a diagonal lasing transition [11], as is shown in
Figure a structure producing devices which are typically less stable with respect to
applied field, as it is this field which controls the gradient and so in part the energy gap

for the transition.

More drastic variations to the gain medium occur with the introduction of so called ‘su-
perlattice’ or ‘bound-to-continuum’ devices. In these systems the lasing transition occurs
not between single energy levels but instead involves transitions between ‘minibands’.
This behaviour is demonstrated in Figure[1.6|for a bound-to-continuum structure where
the lower state of the lasing transition is in fact the continuum between the individual
laser systems. These devices have been of particular interest as coupling the electrons
directly into this state not only guarantees a rapid removal of electrons from the system,
helping to maintain population inversion, but also blurring the resonance frequency such
that a wide range of wavelengths may be produced by a single chip (c.a. 150 cm™! vs

80 cm~1) [20].

A further development widening the tuning range of QCLs is the development of so
called monolitihic devices whereby a series of different cascades are coupled together, a

methodology that has allowed laser tuning ranges up to 432 ecm~! (7.6 — 11.4 pm) [21].
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F1GURE 1.6: The active region of a bound-to-continuum QCL. In contrast to the

traditional structure in Figure [[.4] the radiative transition occurs between an upper

bound state and a lower continuum of levels, which then feed into the top level of the
next radiative transition.

1.3.1 Wavelength Range

Typical QCLs are designed with a combination of III-V materials, with GaAs-Al(Ga)As
and InGaAs-AllnAs being common material combinations. The primary determination
of the wavelength produced by a laser is the depth of the well, determined by the energy
of the barrier conduction band. This in turn is constrained by the materials used, as
the alternating layers are required to have similar lattice constants for the formation
of a congruous gain material. This design principle works well in the wavelength range
4-12 pm however, outside this region, as the wavelength is pushed towards either the
NIR through the highly desirable 3 pm range or the THz range at long wavelength, there

are a range of problems.

Towards the THz the energy gaps within the wells become increasingly small, and one of
the largest issues becomes the efficiency of optical phonon relaxation over small energy
gaps, which significantly increases the rate of non-radiative relaxation. There has been
a degree of success in circumventing this limit [22H24], but as this thesis is not concerned

with such long wavelength devices these developments will not be discussed here.

Short wavelength QCLs are of particular interest as the 3 pm wavelength range contains
many strong transitions corresponding to the fundamental stretching vibrations of C-H,
O-H and N-H bonds in atmospherically important molecules. The production of these
devices however requires very deep wells, and there are a number of technological barriers

to the production of such a system. For one, the very thin layers required for high
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upper energy levels within the quantum wells can be difficult to manufacture with some
materials, and further it is often difficult to ensure a good interface between these thin
layers and the high conduction band offset barriers [25]. Even with relatively high
barriers there can still remain a problem as the high energy levels involved in the lasing
transition can approach the top of the well, at which point escape of electrons from the

well substructure can begin to compete with radiative decay, as is shown in Figure [1.7
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F1GURE 1.7: The active region of a deep well QCL. Often the need for a large energy

gap for low wavelength operation requires bound energy levels high up in wells. At

high energy however large losses can occur due to loss of electrons tunnelling from the
quantum well system.

Work is being done in order to circumvent these problems, and some of the latest re-
sults are shown in Chapter [ In particular ‘strain compensation’ by which layers are
physically compressed by neighbouring layers in order to alter the lattice constant and
improve interfaces have been used with reasonable success. In this manner QCLs oper-
ating down to 3.5 pm have been produced with InGaAs material, down to 3.3 pm using
AlAs barriers, and doping these layers with Sb has even produced systems lasing down
to 3.1 nm [25-2§]. There has even been one paper published in the last year demonstrat-
ing a QCL operating near 2.6 pm produced by reducing the coupling between adjacent
quantum wells [29] though with the result of very large threshold current (>4 A at 170

Further work is currently in progress in an attempt to use II-IV materials in order to
stretch the possibilities for QCL fabrication. Devices based upon ZnCdSe/ZnCdMgSe

grown upon an InP substrate are expected to have a lower limit of operation of c.a. 2
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pm, and as II-IV materials have higher melting points than those composed of III-V
elements, better thermal management and a higher temperature stability is anticipated
[30-32]. However these materials have their own problems as II-IV technology is nowhere
near as mature as III-V, and devices made with these materials are still very much in

their infancy.

1.3.2 Interband Cascade Lasers

Interband cascade lasers (ICLs) are an interesting variation upon QCL technology de-
signed in order to provide a suitable replacement for QCLs in the 3 pm range. In these
devices, thin layers of semiconductor are deposited together much as they are in QCLs.
However, in contrast with a QCL active region where the lasing transition occurs be-
tween two levels in the conduction band (intraband), in an ICL the lasing transition
sees electrons recombine with holes in the valence band before tunnelling back into the
conduction band. This behaviour is shown in Figure for a ‘“W-shaped’ active region.
There has been a fair degree of success in the development of these devices [33H37], and
they are beginning to become commercially available [38, [39]. However the complex
gain medium design combined with a high temperature sensitivity caused by large non-

radiative losses mean that their usefulness is significantly limited for the time being.
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FIGURE 1.8: Lasing action in a W-shaped quantum well system, adapted from [36].

Electrons in the conduction band are trapped in a well, and then radiatively combine

with holes in the valence band. With the addition of a field gradient tunnelling back

into the valence band can become a competitive process such that the electron can
cascade through the system much like in a QCL.
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1.4 Wavelength Selection Mechanism

Wavelength selection for QCLs is performed using essentially the same processes as are

used for traditional semiconductor lasers.

The core gain material is cleaved such that a semiconductor-air interface is produced,
and as the refractive index of air is significantly smaller than that of the gain medium a
resonator is formed and light is able to build up at selective frequencies determined by

the resonator’s free spectral range (FSR):

Cc

Avpsg = (1.4)

)
2 * Nyeson |

where N, eson is the refractive index and [ is the length of the resonator. For a QCL built
from InGaAs and AlGaAs the stack of layers has a refractive index of 3.35 (a linear
interpolation between the two values ny,gqas ~ 3.49 and na;mas ~ 3.2) and cladding of
either AllnAs or InP (nr,p=3.1) is used. This leads to a Fabry-Pérot resonator (FP),
and the output of the laser is observed as a comb of frequencies separated by the FSR
(Figure . With a standard FP resonator light is lost from both facets, however if
the back facet is coated such that it becomes highly reflective (HR) then the efficiency

of the resonator can be further improved.

il
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F1cUure 1.9: Radiation output from a Fabry-Pérot QCL centred at 8.7 pym with a FSR
of ~ 0.7 cm~!. From [I§]

If a series of peaks and troughs are now etched into the waveguide along the dimension

of resonance then the refractive index of the system will also periodically vary with these
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perturbations. Such a structure is called a Bragg grating and is shown integrated to a
QCL chip in Figure

F1cURE 1.10: Scanning electron microscope image of a DFB QCL. The dark fringes
here show the grating etched into the top of the chip. From [I8§]

The Bragg grating here will support only certain modes within the resonator, which in
turns feeds back to the gain material, meaning that only a narrow range of frequencies
will be produced. The laser frequency can then be tuned by changing the temperature
of the laser chip - either directly or through the addition of current - as this then changes
the pitch of the grating and in turn the supported modes. These gratings are widely
used as frequency selective devices for semiconductor lasers which are referred to as
distributed feedback (DFB) lasers [40]. One of the major advantages of such a device is
the robust nature of a fully integrated laser circuit; as there are no moving parts it is

highly inert to mechanical vibration.

A second method of wavelength selection, applicable beyond semiconductor lasers, is
to place the gain material within a cavity to form an external cavity (EC) system. In
an EC-QCL the radiation needs to satisfy the conditions of resonance within the FP
system and the cavity simultaneously. There are two basic mechanisms utilised for
the construction of EC systems, the Littrow and Littman-Metcalf [41] arrangements as
shown in Figure[L.11] (a) and (b), respectively.

Each of these setups has their own advantages, the Littman-Metcalf laser for example
typically produces a narrower linewidth as the radiation is passed over the diffraction
grating twice, but is of lower power as of the light reflected from the mirror a small

percentage is lost at the grating. The EC-QCL systems used in this thesis are both
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-,

FIGURE 1.11: External cavity laser configurations showing (a) Littrow and

Littman-Metcalf arrangements. In the Littrow configuration the wavelength of the

radiation is controlled by changing the angle of the diffraction grating, whilst in the
Littman-Metcalf arrangement an extra mirror is utilised.

arranged in the Littrow configuration however and so this design is shown in more detail

in Figure [I.12}

Highly _ .
reflective coated Diffraction
facet facet Grating

./ Pivot point

FIGURE 1.12: Schematic diagram of a Littrow Configuration EC-QCL.

In this design the optical cavity is formed between the highly reflective back facet of the
QCL chip and a diffraction grating. A lens is placed within the cavity in order to colli-
mate the output from the laser which is highly divergent (typically ~ 60°). The grating
can be thought of as a series of microreflectors, each reflecting the same wavelength of
light at phase steps of 27. If it is then mounted such that its pivot is in line with the
front facet of the QCL then tuning can be performed by a simple rotation whereby the
wavelength is changed and every micromirror is kept at m\/2 away. External cavities are
typically capable of tuning over larger wavelength ranges than DFB QCLs as they are
not constrained by the tuning afforded by thermal effects upon a Bragg grating. They
also tend to produce higher power devices as the higher reflectivity within the system
allows losses to be reduced. External cavity systems have a number of disadvantages
however. For one, they are built from a series of mechanical parts, each of which can

individually fail. This limits their robustness, and as the whole system is necessarily
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small, the PZT controlling the grating must be brought very close to the cavity, mean-
ing that frequency tuning of the system itself introduces mechanical instability. A high
quality broadband anti-reflection coating is required on the gain medium facet in order
to prevent any contribution from FP structure and finally the back-coupling of the light
into this facet can produce problems, as the size of the laser facet means that the beam

must be focused below the diffraction limit.

The additional manufacturing processes involved in the production of a DFB structure
did not require a large degree of specialisation for their application to QCLs and as such
the first DFB-QCL was produced as early as 1997 [42] 43]. External cavity systems are
far more complex, and production of a working EC-QCL was not achieved until 2001
[44], and until recently there was only one company providing commercial devices c.f.
dozens for DFB QCLs. One of the largest problems has been the production of effective
anti-reflection coatings for the front facet of the QCL chip. In the MIR coatings are
necessarily thicker than in the NIR and finding a coating material with both the correct
refractive index and coefficients of thermal expansion matching that of the gain medium
proved difficult. The issue of thermal expansion in particular was pertinent when QCL
operation required cryogenic cooling, as the coatings would often flake and degrade [§].
In fact, the solution to this problem was found not through improvement of antireflection
coating, but instead through the development of low thermal load, room temperature

QCLs.

1.5 Overview of Thesis

The desire to work in the frequency ranges afforded by QCLs as well as their high
power and narrow bandwidth have lead to their rapid development and widespread
application in a large number of fields. To date work has been performed not only in
spectroscopy [45H47] but also in atmospheric sensing [48], [49], kinetics [50-H52], medical
diagnosis [45], [53H57] and explosives detection [58, [59]. QCLs in essence are touted to
be the MIR anaolgue of NIR diodes, with the main limitation to this aim being cost,
which can only decrease as these devices become more widely used, and manufacturing
methodologies improve. This thesis presents work demonstrating the potential and
applicability of QCLs with an eye to their utilisation as devices for inducing population

transfer in a low pressure gaseous medium to be implemented in reaction dynamics.

Specifically, Chapter 2| demonstrates work performed with pulsed QCLs, comparing both
DFB and EC systems, and investigating the effects produced when the lasers are run
in intrapulse mode. Chapter [3|is concerned with application of cw QCLs to a range

of ‘normal’ spectroscopic applications. DFB and EC systems are utilised in a number
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of sensitive detection techniques, and the narrow bandwidth of an EC-QCL is used to

determine previously unknown hyperfine coupling constants of DBr.

Chapter |4 is concerned with the application of an EC-QCL to non-linear spectroscopic
techniques. The high power of an EC-QCL is used to perform saturation spectroscopy,
and the linewidth of the laser is investigated through Lamb-dip spectroscopy. Sub-
Doppler polarisation spectroscopy is then performed, applying the high power of the
EC-QCL to the production of an anisotropic system which is then probed through its

polarisation changing effect upon a weak probe beam.

Chapter [5| demonstrates studies of the saturation produced by the high powered EC-
QCL with the direct detection of the population pumped into the first vibrationally
excited state with a second weak DFB QCL. The degree of population is investigated
by study of a rapidly thermalised excited state absorption signal, and an unexpected
rapid passage signal upon the instantaneously pumped and detected Bennett peak is

investigated.

Chapter [6] then presents initial studies with two research grade pulsed QCLs working
in the 3.3 pm range. A multi-mode FP device is investigated with the use of a Fourier
transform infrared spectrometer, and a spectrum taken of the CH, transitions around
this region. A single mode DFB device is then investigated with spectra of a low pressure
sample of CH4 used to determine the approximate chirp rate. This information in turn
applied to consider the feasibility of such devices for general use and the prospect of cw

operation.
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Pulsed Quantum Cascade Lasers

2.1 Operation Modes

Initially, due to the large volume of heat produced during operation, single-mode QCLs
were available only as pulsed DFB systems with very low duty cycles (c.a. 5 %). In these
lasers gross wavelength tuning is achieved through a slow alteration of the temperature
of the gain medium, but in order to record a spectrum one of two faster methodologies

in employed, both of which are demonstrated is Figure [2.1
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FIGURE 2.1: The current pulse shapes applied to a QCL for operation in (a) inter-pulse
or (b) intra-pulse mode.

In the so called interpulse operation scheme (Figure 2.I{a)), a sub-threshold current
ramp is applied to the laser, superimposed with a series of short (c.a. nanosecond)
pulses. The current ramp here provides a wavelength tuning then realised by the pulses,
during which the wavelength is in principle stationary. These individual points can then

be reassembled to form a spectrum over the course of ms.

Intrapulse operation (Figure (b)), in contrast, is performed by the application of
a comparatively long (100’s of nanoseconds) square pulse. This applied current pulse

induces Joule heating in the gain medium, which in turn leads to a change in refractive

17
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index, and consequently the wavelength of the emitted radiation. Thus, a fast change
from high to low frequency (termed a down-chirp) occurs throughout the duration of
the pulse, with a frequency change typically on the order of 100 MHz ns~'. In this
manner spectral ranges of the order of a wavenumber can be covered within a single
sub-microsecond pulse. This is a property of use for rapid spectral analysis, as a wide
spectral area containing features from many distinct gases can be observed in a single
time slice. Examples of particular interest include the application of pulsed QCLs to
atmospheric analysis, whereby the atmosphere can be considered essentially ’frozen’
within the pulse length, and any turbulence induced lineshape effects neglected, and the
study of reaction kinetics, when fast time resolution of a spectral region is required in

order to gain insight into reaction processes [52].

The work presented in this chapter has been performed using the intrapulse methodology,
in part due to the time resolution gained as well as the ease of application, but also as it

allowed the investigation of some interesting optical effects, as outlined in Section [2.3

2.2 Spectroscopy

When interrogating the absorption characteristics of a gas in a high pressure mixture,
as one does when investigating a gas in the atmosphere, or in a breath sample, spec-
tra produced by the intrapulse method are near-enough identical to those that would
be expected from a continuous wave experiment using for example a diode laser: i.e.
a smooth, symmetrical Voigt or Lorentzian absorption is returned and high accuracy
pressure broadening parameters can be determined from the lineshape. However, as the
pressure of the sample, and hence number of collisions, is reduced the lineshape starts to
change, and a degree of asymmetry becomes apparent in the absorption spectra. When
the collisional rate is further reduced such that the laser frequency sweeps through a
transition faster than the relaxation period of the system then the asymmetry becomes
further pronounced and a series of oscillations around the baseline is observed later in
time than (and consequently on the low frequency side of) the absorption. This be-
haviour is demonstrated in Figure and is described as rapid passage (RP). It is an
effect which has been observed in a number of optical systems - most notably Stark
spectroscopy performed with a COq laser [60H62], and in the microwave region [63], but
was first observed in continuous wave nuclear magnetic resonance (NMR) experiments

64, [65].
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F1GURE 2.2: Spectra of 140 mTorr of CHy with varying pressures of buffering Ar gas,
showing a symmetric Voigt line profile at high total pressure and the asymmetric rapid
passage affected lineshape at low pressure. From [66]

In brief, as the laser sweeps through the transition, a polarisation is induced within the
sample, and the beating of this induced polarisation with the incident chirped electro-
magnetic field manifests as the oscillations in this characteristic rapid passage signal.
This transient signal can be seen to decay at a rate determined by a combination of
collisional dephasing, and broadening produced by interference between both the array
of signals produced by the individual oscillators present in the sample and the band-
width of the detection system. A fair degree of investigation has been performed upon
these effects in pulsed QCLs [67H70] and a fuller theoretical description is given in the

following section.

2.3 Rapid Passage

It is near impossible to calculate the full range of processes that occur when light interacts
with a truly multi-levelled system. However, a degree of insight into the dominant
interactions can be gained by considering the simplified model of the interaction of a

near monochromatic radiation field with a so called non-degenerate two-level atom.

Here, the two levels are described by the Bloch formalism, commonly used in NMR, as
the system is analogous to a spin-1/2 nucleus in a static magnetic field being interrogated

by a radiofrequency (rf) field directed along the z axis. In NMR, this system is described
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by the Bloch equations; under the rotating wave approximation [71] these are as follows:

du u(t)
— (1 — — 2.1
dv v(t)
5 - (w—wo)u(t) + 7 —~vB1 M, (2.2)
dM, Meq — M,
= =4 7F B 2.

where Bj is the applied rf field, w — wq is the frequency detuning of that rf field from
resonance (wp), 7 is the gyromagnetic ratio of the nucleus, 7} and T, are relaxation
times separated for reasons we will discuss later, M, is the longitudinal magnetisation,
M4 is the equilibrium value of M, in the absence of a field, and u and v are functions
of the transverse magnetisations M, and M, in phase and in quadrature with respect
to the rf field,

u=  Mycos(wt) — Mysin(wt) (2.4)
v=—DM,sin(wt) — Mycos(wt). (2.5)

The dynamical equations resulting from a spin-based Hamiltonian, are almost identical

to those concerning our two-level atom, and as such we can draw the following analogies:

Static field Zeeman splitting < Energy level splitting
Oscillating applied rf field < Laser radiation
Longitudinal magnetisation < Population of excited state

Transverse magnetisation < Oscillating dipole moment

In this manner, the Bloch equations can be reformed to become the Optical-Bloch or

Maxwell-Bloch equations:

= wop() - (2:6)
D= (o woult) + 5D 4 27
dw W — Weq

il o kEV. (2.8)

Here the gyromagnetic ratio has been replaced by x defined as 2,—’; with p the transition

dipole moment, the applied rf field has become the applied laser field, £, and M, becomes
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a measure of population transfer, or specifically, population inversion, w. Also, by
observing the behaviour of oscillations in the dipole moment in phase and quadrature
with the incident radiation - w and v - we can gain some insight into the physical
meaning of these terms. In particular, it is apparent that when the laser is turned on,
the population inversion changes only due to v, thus as changes in w correspond to
energy input to the system we can see v is a measure of absorption and u is a measure
of dispersion. Specifically, v and v are the real and imaginary parts of the refractive

index of the system.

Using the axes u, v and w we can now create a ‘pseudospin vector’ p = (u,v,w),
which like the Bloch vector M = (M,, M,, M), holds to a conservation law such that
u? + v? + w? = 1. This pseudospin vector can thus be envisioned as being restrained to
a unit sphere, termed the Bloch sphere. Furthermore, in this treatment, neglecting the

effects of relaxation, the incident laser field is described as a torque vector,

wP = Qxp where, Q= (—kr& 0, wy —w), (2.9)

acting upon and precessing about p, as can be seen in Figure 2.3] with components —x&
and A = wg — w in the u and w directions respectively. At resonance, i.e. A = 0 the

torque vector €2 has a magnitude «€ referred to as the Rabi frequency.
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F1GURE 2.3: The effect of applying coherent radiation to the Bloch vector system. The
pseudospin vector p precesses about the torque vector €2.

If the applied radiation is of fixed frequency, or at a frequency changing slowly with

respect to the rate of relaxation, then energy from £ flows in and is dissipated into the
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surroundings by relaxation and these formulae give solutions of the form expected in
‘normal’ spectroscopy as is shown in Figure for the case of a chirp rate 1 kHz ms—!

versus a collisional lifetime of 2 ns.
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FIGURE 2.4: Absorption (v), dispersion (u), and population transfer (w) as a function
of time for a slow sweep (1 kHz ms~!) through a transition with a collisional lifetime
of 2 ns.

However, if the relaxation rates are decreased/and or the rate of frequency change is
increased, then the response of the coupled light-atom system alters, and the rapid
passage oscillations observed in our experiments become apparent in the simulation
shown in Figure for a chirp rate of 100 MHz ns~! and with collisional lifetime of
10ps.
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FIGURE 2.5: Absorption (v), dispersion (u), and population transfer (w) as a function
of time for a fast sweep (100 MHz ns™1) through a transition with a collisional lifetime
of 10ps.

From the starting conditions u = v = 0, w = —1, i.e. radiation far from resonance
and population entirely in the ground state, an intense, rapidly chirped laser source can
cause the pseudospin vector to shift from equilibrium and progress through the v and v
planes towards the top of the sphere (w = 1). Whilst it is possible in an idealised case to
achieve so called ‘adiabatic following’ [72]- an effect discussed in section - whereby
complete population transfer is achieved in a single laser sweep, the lineshapes observed
in a pulsed QCL experiment are due largely to changes in the absorptive and dispersive
parts of the refractive index of the sample (u and v) and there is minimal population

transfer.
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The simulation of absorption in Figure has far more structure than the experimental
data in Figure 2.2 and this is because we have yet to consider the relaxation constants
Ty and T5. In NMR, T} and T5 correspond to relaxation of the magnetisation parallel
and perpendicular to the direction of the applied static field, and are usually termed the
‘spin-lattice’ and ‘spin-spin’ relaxation times. In optical processes the exact processes
occurring differ, but the distinction between population and polarisation changing re-

laxation times is still useful.

Ts corresponds to dephasing of the system, and can be viewed as a depolarisation con-
stant. T, originates from incoherent interactions affecting all components of the system
homogeneously, such as collisions and radiative decay. These processes lead to a tran-

sition width of L

T referred to as the homogenous linewidth, as it affects all oscillators

in a bulk sample identically, and as the decay is exponential in time, it manifests as a

Lorentzian lineshape.

As well as these homogeneous broadening effects, there are also inhomogeneous contri-
butions to the linewidth which are caused by interactions affecting each species within
a bulk sample differently. The most prominent of these broadening contributions is the
Doppler effect whereby the resonant frequency of any single oscillator is shifted from the
rest resonance frequency wg by a factor dependent upon its velocity with respect to the
direction of laser field propagation, vg,

wh = wo(1 £ “Z). (2.10)
C

If a Maxwell-Boltzmann distribution of velocities is presumed then a Gaussian lineshape
is observed with a full width at half maximum (FWHM) of

Suwo = ,/M% (%) (2.11)

where k is Boltzmann’s constant, 1" is the temperature, m is the mass of the molecule

(or atom) in question, w is the frequency of light, and c is the speed of light.

These two contributions to the linewidth mean that in a typical absorption experiment
a composite lineshape called a Voigt will be observed, consisting of a continuum of

Lorentzian peaks, linewidth Tiz’ distributed in a Gaussian manner as is shown in Figure

This figure is demonstrative of a typical MIR spectroscopic study at low pressure where
the natural and collisional lifetimes are long enough for the Lorentzian component to be

at least an order of magnitude smaller than the Doppler width.
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FIGURE 2.6: An array of homogenously

SOJI broadened Lorentzian lineshapes, Doppler
shifted to produce an overall inhomoge-
80)H nously broadened Doppler lineshape.
Frequency

In much the same way that both the Lorentzian and Gaussian components contribute
to an absorption profile, both the inhomogeneous and homogeneous linewidth compo-
nents affect the observed, bulk polarisation of the system. When an array of dipoles
are excited, each molecule acts as an individual emitter and the interference between
this collection of oscillations, themselves excited at slightly different frequencies due to
different velocity components along k, causes a dephasing, effectively damping out the
macroscopic polarisation. The observed signal is thus a sum of all of these dipoles and as
the E field is due to the bulk properties of the sample, a collection of molecules can cease

to have an observable polarisation long before the individual oscillations disappear.

As T solely affects w, it is best understood as the excited state lifetime - i.e. that T%
is the rate constant for the decay of the system towards w = —1. Were there to be no
collisions this rate would be fixed at the reciprocal of the natural lifetime of the excited
state, also known as Einstein’s A coefficient, but for the fundamental rovibrational tran-
sitions in the MIR this is typically of the order of seconds, and collisional de-excitation
usually dominates. Furthermore, T is usually of the order of Ty [63] [73] and the two

are typically set as equal.

The effect of these decay processes is perhaps best understood through considering the
effect of applying a near resonant coherent light source to the two level atom. In this
situation the system cycles from the ground to the excited state periodically over time.
In the Bloch vector system: before light is applied the Bloch vector, p sits pointing
vertically to w = —1. Upon application of the light field the €2 torque vector manifests,
inducing p to precess about it in a cone, with vertical component defined by the detuning
((w—wp)(t)), and with a component in the u direction of the on resonance Rabi frequency
(0). If the field is constant, precession rate stays constant, however this behaviour is
subject to the damping processes already mentioned, and thus dephases from the driving
field at a time T5. That is to say that it relaxes at rate T% towards the vertical axis
of the sphere. At the same time however, the system is relaxing towards w = —1 at a

rate Til, and thus damps these oscillations, leading to an observed free-induction decay
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signal, reflecting the sum of these two processes. These processes are shown in Figure
for an exaggerated case.
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FIGURE 2.7: Absorption (v), dispersion (u), and population transfer (w) as a function

of time for an exaggerated case. Population can be seen to move from the lower to

the upper state, rotating through both the u and v directions before relaxing back to
w = —1.

2.4 Experimental

The lasers, detectors and generic equipment used for the experiments presented in this
chapter are described in this section. A water-cooled DFB QCL from Alpes Laser oper-
ating in the range 1248 — 1257 cm ™!, and giving a peak pulse power of 25 mW over this
range was driven by a Q-MACS system from Neoplas Control. Coarse wavelength tuning
was performed by altering the temperature in the range —20 to 20 °C via a Peltier ther-
moelectric cooler (TEC) using a programmable function generator [TTi, model TG1304],
whilst tuning during spectroscopic experiments was performed through the intrapulse
method discussed in Section [2.1} Figure depicts the Q-MACS mounting system,
showing the off-axis paraboloid used for collimation as well as the the red diode laser
and beamsplitter assembly utilised for alignment. The beam width measurement is also
shown in which the ’knife-edge’ method employed by Kim et al [74] was used to deter-
mine a beam radius of 5 mm. During operation laser pulses of 190 ns were applied at

100 kHz giving a duty cycle of < 2%.

Another system used was a tunable external cavity QCL (EC-QCL) from Daylight So-
lutions outputting radiation over 8 mW peak power from 1195 - 1280 cm ™! without the

need for either cryogenic or water cooling. The laser and external cavity were driven
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FIGURE 2.8: The measured beam width of the mounting, collimation and alignment
system for the Q-MACS QCL

with the use of a proprietary driver, and intrapulse methodology was once again em-
ployed. Pulses of 500 ns were applied at a repetition rate of 90 kHz giving a duty cycle of
4.5% and peak pulsed powers of up to 250 mW were determined in the range 1210-1276

ecm~!. A beam waist of 1.8 mm was measured for this system.

Signals were detected on a thermoelectrically cooled MCT detector (VIGO PVI-2TE-
10.6) with a 900 MHz bandwidth and then recorded using a 2 GS s~* 350 MHz bandwidth
digitising oscilloscope (LeCroy Wavesurfer 434).

2.5 Characterisation and Comparison

This section exhibits work done to investigate the base behaviour of both DFB and
EC-QCLs comparing and contrasting their behaviour when interrogating a sample of
N>O.

Firstly, frequency calibration of the two lasers within a scan was performed by the
insertion of a 75 mm Ge etalon with a 500 MHz free spectral range (FSR) into the beam
path. Figure 2.9 shows the signal observed for the Q-MACS both through this etalon
and through an empty 70 cm cell, as well as the chirp rate and minimum resolution
implied by such a fast chirp [75]. As can be seen the laser produces a rapid frequency
down chirp slowing over the course of the pulse from 225 to 160 MHz ns~'. In this

1

manner, just a little over 1 cm™" is covered in 190 ns. The structure present at the

beginning and end of the pulse is due to impedance mismatching between the laser and

pulse source, and cuts down the usable frequency range of the pulse to ~ 0.8 ecm™!.

In contrast Figure shows data produced as the output of the Daylight EC-QCL is
passed through the same 70 cm cell and etalon, and notable differences are apparent. In

particular the baseline structure on the empty cell data is far more structured than is
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FIGURE 2.9: (a) A 190 ns laser pulse from the Q-MACS (black) and the signal detected
through a 500 MHz Ge etalon (red). (b) Chirp rate (black) recorded in (a) alongside
calculated system resolution (red) during the pulse.

observed for the DFB QCL, and these discontinuities are further emphasised in the etalon
trace. The tuning range between these ‘mode-hops’ is c.a. 3 GHz, corresponding to a
FSR of the order expected for the laser’s external cavity, which is unable to respond on
the timescale of the laser pulse. Despite the multiple mode hops during a single current
pulse, the chirp rate still appears to decrease in a similar manner to that of the DFB
QCL and the tuning range between the hops exhibit single mode behaviour. Finally,
the mode hops are produced at fixed times within the pulses and as such variation in
pulse structure is sufficiently small to allow rapid passage structures to be observed in

averaged transmission spectra.

0.5
0.4
T ¥
2 0.3 E \§/
s =] 5
5 02 o 2
7] © 2
0.1 £ 3
S 14
0.0
1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 50 100 150 200 250 300 350 400 450
Time (ns) Time (ns)

FIGURE 2.10: (a) A 500 ns laser pulse of the Daylight Solutions QCL (black) and the
signal detected through a 500 MHz Ge etalon (red). (b) Chirp rate (black) recorded in
(a) alongside implied system resolution (red) during the pulse.

The difference between the chirp rates of these two lasers is made most apparent in figure
Where spectra of 20 mTorr of N2 O are exhibited as measured on the P(36)e transition
in the v band. This data is a cumulation of 1000 averages and has been converted into
absorbance A = —In(I/I). The difference between the chirp rates is manifest both

through the difference in line widths due to the chirp rate induced resolution change
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Avresolution = V0.886c, where « is the chirp rate of the laser, and also in the apparent

oscillation periods on the low frequency side of the absorption.
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FIGURE 2.11: Spectra of 20 mTorr of NoO as measured with both laser systems for
the P(36)e rovibrational transition in the 14 band.
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FIGURE 2.12: Spectra for varying pressures of N3O gas measured using (a) the Daylight
EC-QCL and (b) the Q-MACS QCL and compared with the observed integrated areas
for(c) the Daylight and (d) the Q-MACS. The red lines correspond to a linear fit
to the pressures below 50 mTorr, and correspond to integrated crosssection values of
2.14 x 10729 and 3.32 x 10729 cm? cm~! molecule™!, deviations of 46 % and 16 %
respectively form the literature value of 3.98 x 1072° cm? ¢cm ™! molecule™! [I].
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Figure shows the effect of varying the pressure of NoO in a 70 cm cell between 5
and 500 mTorr for the EC-QCL and up to 1000 mTorr for the Q-MACS. The Daylight
data is taken at a chirp rate of 75 MHz ns~! and the Q-MACS data at 220 MHz ns~".
Notably, neither system returns a peak absorbance in line with that expected from the
Beer-Lambert Law, an effect characteristic of rapid passage [68]. For example, in the
Daylight spectra the maximum absorbance shown in Figure [2.12{(a) is ~ 0.23, whereas
a value of 0.76 is expected from the Beer-Lambert Law. Also, as high pressures are
reached a second absorption feature at 1252.579 cm™! due to a P(34)f transition in the
(1,1,1,0) + (0,1, 1,0) band starts to become apparent for the Daylight spectra, whereas
only a slight perturbation is observed for the Q-MACS system - an effect reflecting
the difference in resolution of the two systems. Examining the integrated areas of the
absorption section of the features, an approximately linear increase in the magnitude of
the signal with pressure up to about 50 mTorr is seen for both lasers but with significantly
different gradients. For the EC-QCL a gradient that is only 54% of that expected from
the integrated absorption cross section is observed, implying a deviation between the
measured and experimental number densities of 46%. For the Q-MACS system the
corresponding deviation is only ~ 16%, and this disparity reflects the non-equilibrium
nature of the laser matter interaction and the larger driving provided by the high powered
Daylight system. These observations reflect the increased driving in the system leading

to complex and rapidly varying temporal behaviour of the refractive index.

2.6 Probing Optically Thick Minimally Damped Systems

Further to the reduced peak area, rapid passage signals are also seen to induce a more
subtle pressure dependent effect in the observed spectra of low pressure, highly absorbing
gases. This section investigates these effects with the application of a multipass White

cell.

An experiment was set up, whereby light from either the Q-MACS or the Daylight QCL
could be directed through a 5 m path length White cell (Specac Tornado) with CaFs
windows and onto the VIGO detector. The cell was filled with a quantity of NoO and
the spectra of the P(36)e transition in the v; bending mode at 1252.6 cm~! observed
with both lasers. Figure shows the results of this study, and it is clear that as the
number density of gas is increased, the initial spike in the RP signatures consistently
shift to lower wavenumber at a rate of 100s MHz Torr—!: an effect at least three orders
of magnitude larger than would be expected from traditional pressure induced shifts
(c.a. 0.1-1 MHz Torr~!) [76].
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FIGURE 2.13: Rapid passage signals as a function of NyO pressure for the P(36)e
transition measured with (a) the Daylight and (b) the Q-MACS laser.

It is notable that the data shown in Figure [2.13|a), which were obtained using the
Daylight laser, show more structure at higher wavenumber than that in Figure (b)
This is the same structure present in Figure due to the interference of a relatively
weak (10722 ¢cm? em ™! molecule™!) transition much more apparent here due to the high

pressures and long path length.

In order to verify that this pressure-induced shift was genuine, and not an experimental
artefact induced by external factors, etalon traces were taken alongside the molecular
spectra in order to show that the lasers were well-behaved. Unfortunately, the setup
did not permit simultaneous spectra and etalon traces to be recorded, as the power
output of the Q-MACS laser was too low for etalon contrast to be achieved from the
split beam, but verification of the frequency stability was possible. Figure shows
spectra recorded with the Q-MACS laser at 15 mTorr and 380 mTorr of NoO with a 10
minute interval, along with etalon traces taken immediately after the first measurement,

and directly before the second. Whilst there is a clear shift in the emission peak between
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TABLE 2.1: The spectroscopic data for the NoO and CHy transitions investigated in
this work [1].

Molecule Line Integrated Einstein  Transition dipole Rotational
position linestrength A factor moment assignment
cm ™! ecm? em™! molecule™ 7! D

N2O 1252.5608  3.98 x 1072° 5.60 7.62 x 1072 P(36)e

N0 1261.9874 10.4 x 10720 5.77 6.48 x 1072 P(26)e

CHy 1253.3491  2.08 x 1072° 2.04 1.22 x 1072 P(8)

these two spectra, the two etalon traces are completely in-phase, from which a high level

of laser stability can be inferred.
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FIGURE 2.14: Spectra of the P36(e) transition for 15 mTorr and 380 mTorr of NoO
measured with the Q-MACS laser and taken with a 10 minute interval, alongside etalon
traces taken following the first measurement (etalon 1) and immediately preceding the
second (etalon 2). The spectrum at higher pressure exhibits a clear delay in RP signal.

Having determined the validity of our measurements it is now possible to further inves-
tigate this effect by comparing the pressure shifts of a number of transitions in different
molecules; specifically the transitions P(26)e and P(36)e of the v; symmetric stretch
mode of NoO and the P(8) transition of the v4 bending mode of CHy. Due to the
limited tuning range of the Q-MACS system the P(26)e transition was only accessible
with the Daylight laser. The spectroscopic data pertinent to the probed transitions is
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FIGURE 2.15: Pressure shifts for a selection of transitions measured with both the
Q-MACS and Daylight Solutions Lasers.

given in Table Figure [2.15] gives the frequency shift between the absorption and

first emissive peaks relative to that at 20 mTorr, as a function of gas pressure.

As the delay increases as a function of pressure, pressures lower than 20 mTorr will
give positive shifts in our reference frame, but this is only an effect caused by the
normalisation procedure. From this data it is clear that for a given transition (within
the conditions measured), the magnitude of shift is independent of the laser used, and
hence the power, and chirp rate, and that it does not vary significantly between the NoO
transitions and the CH4 transition despite a difference in transition dipole moment of a
factor of 6. It is also of note that each of the tetrahedral splitting components of the P8
and P9 CH, transitions show the same behaviour, though this data has been omitted

from the graph for clarity.

It therefore appears that the medium couples to the laser equally efficiently for these
transitions, leading to an equivalent change in the refractive index of the gas at a given

pressure and a similar pressure shift is observed.

Whilst this data would appear to show that the measured shift is transition dipole inde-
pendent, other work investigating strong transitions (o ~ 107! ¢cm? cm—1 molecule ™!,
i~ 1D) vy band of NH3 around 10 pm has shown a measured shift directly related to
the transition dipole moment [69], a conclusion that marks the similarity in shifts for
N>O and CHy as unexpected. However, the rapid passage structure is determined not
only by the magnitude of the polarisation induced within the sample but also by the
dephasing rates due to collisions, and it is here that 77 and 75 play a role. The mea-

surements presented here are sensitive to the difference in the dephasing rates between
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these two species, with the polarisation of the NoO being more readily removed by self
collisions than is the case for CHy; a result in keeping with the longer range dipole-dipole
interactions that operate between NoO molecules compared with non-polar CHy, and

mirroring the collisional broadening rates [1].

This pressure shift in rapid passage signals of high absorbance but low pressure gas
samples has been observed previously in studies by Duxbury et al [67]. They worked
on the spectroscopy of N2O in a long path Herriot cell (up to 110 m), at 7.8 pm, and
later CoHy at around the same wavelength [70]. In these papers, comparisons were
made between this effect and that observed by Genack et al [77] whilst investigating the
travelling wave amplification of short CO» laser pulses in a cell containing hot COs. In
Genack’s work the laser radiation had a phase shift externally applied to it using a CdTe
phase shifter, and the constructive and destructive interference between this radiation
and the field induced in the COq cell observed. Although in neither Duxbury’s work
nor our own is an external phase shift employed, it is thought that one can be induced
in the incident radiation during propagation through the cell. Thus, it is supposed
that the long path length, and small degree of collisional relaxation in our experiments
allows this pressure shift to be observed. In Duxbury’s work the importance of this very
extended path length is thus emphasised, and simulations have been published, solving
the Maxwell-Bloch equations numerically for a closed two level system, incorporating a
step-wise propagation of radiation through the sample [70]. This model however, whilst
showing qualitative agreement between theory and experiment, returns a factor of 5

discrepancy between the modelled and experimental shift.

In order to gain further insight into the role played by pathlength, studies have also
been carried out in a 40 cm cell where propagation effects should play a minimal role in
the interaction of the radiation with the sample. The shifts previously measured over a
5 m path length for CHy P(8) and N2O P(36)e transitions are plotted in Figure [2.16{a),
and alongside these are the shifts measured for the same transitions in a 40 cm cell.
It is apparent here that at shorter path lengths the shifts in the rapid passage signal
still occur, and are still congruent but display a marked decrease due to the shorter
path length. Figure further shows the methane data plotted alongside simulations
performed by E. McCormack solving the Maxwell-Bloch equations and propagating the
results using the analytical expressions for a driven two-level system with relaxation,
given by Torrey [78]. Reasonable agreement is seen between simulation and theory, and
it is clear that there is no need for self-focusing to be invoked as suggested by Duxbury
et al. [70].
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FIGURE 2.16: (a)Pressure shifts for the NoO P(36)e (closed symbols) and CHy P(8)

(open symbols) transitions as measured with the Q-MACS laser for an absorption path

length of 0.4 m and 5 m. (b) The CHy results from (a) alongside simulations performed
by E. McCormack, showing good agreement between theory and literature.

2.7 Population Transfer

The rapid passage signals observed in the case of pulsed QCL spectra are due almost
entirely to a change in polarisation with very minimal population transfer. There is
however great interest in the prospect of state preparation, particularly for use in reaction
dynamics or kinetics - the ability to produce a sample of reagent in a specific excited
quantum state would allow further insight into the potential energy surfaces of, say, the

photolysis of ozone or NoO.

This section discusses a variety of single photon methods used to prepare molecules into
an excited state, and considers ways of increasing the population transfer produced by

the rapid passage effect.

2.7.1 Incoherent and Coherent Light

We once again return to our two-level atom in the ground state, and now apply inco-
herent, near-resonance radiation. Using Einstein’s treatment of excitation and emission
within a system, and assuming that the radiation is intense enough that spontaneous
emission has a negligible effect upon the population, the excited state population at time
tis

P.(t) = %[1 — e BFO), (2.12)

where F(t) = ffoo I(t")dt' is the pulse radiation fluence up to time ¢, with I(¢) the
time-varying radiation intensity, and B the Einstein coefficient [79]. As time increases
the excited state population monotonically increases towards 50%, the saturation value,

and the maximum population transfer possible with incoherent light.
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If we replace our incoherent light source with a coherent one, then the behaviour of
the system changes, and instead of a monotonic increase we instead see the sinusoidal

oscillations in the excited state population referenced in section
P.(t) = (1 — cosQt), (2.13)

where 0 = £° is the previously discussed Rabi frequency. If the electric field is varying
with time then € is replaced by the pulse area 0(t) = ffoo Q(t")dt’. As can be seen from
Figure the excited state population now oscillates between 0 and 1, and given a
pulse area equal to an odd multiple of m complete population transfer to the excited

state can be achieved.

1.0
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(&)
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Population Transfer

o
o

Time

FIGURE 2.17: Schematic showing population transfer achievable using Incoherent (red)
and Coherent (black) radiation versus adiabatic rapid passage (blue).

2.7.2 Adiabatic versus Linear Rapid Passage

Whilst complete population transfer can be achieved via a 7-pulse in an idealised case,
in practice it is not so simple. A real sample of molecules or atoms will always be in
motion, and as such will exist with an array of velocities. Molecules with a velocity
component in the direction of beam propagation will experience a Doppler shift such
that that excitation is no longer exactly resonant and molecules moving transversely
to the laser propagation will experience a pulse duration dependent upon their transit
time across the beam. These velocity dependent effects, along with fluctuation in the
electric field due to beam inhomogeneities result in a significant decrease in population

transfer; in extreme cases down to the 50% observed in incoherent studies. In contrast,
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adiabatic rapid passage (ARP) is relatively robust with respect to these effects. A
thorough description of the optical phenomenon is given in the paper by Vitanov et al

I79].

More generally Ernst,(in ‘Sensitivity Enhancement in Magnetic Resonance vol. 27) [80]
discusses the different regimes within which passage through resonance can occur, as
shown in Figure The behaviour observed in an experiment is here defined by the
relationship between two parameters, the saturation parameter S, and the normalised

chirp rate A where,
S = [QO]2T1T2 and A= O[TlTQ, (214)

with the chirp rate, «, defined as the radiation frequency change as a function of time
in units of (Hz)?, Qo the on resonance Rabi frequency and Ty and T, are again the
depopulation and de-excitation time periods. For the pulsed QCL experiments discussed
here the high chirp rate places us in the fast passage regimes to the right hand side of
the diagram. Whether the rapid passage is linear or adiabatic is thus determined by the

ratio, S,
A «
== = 5 (2.15)
S [Q20]
A A [T
= =1 — |2 =1 A _
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FIGURE 2.18: Passage regions as determined by the relaxation normalised chirp rate,
A, and saturation parameter, S. Adapted from [80].
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The principle of ARP can be understood best by considering the Bloch formalism, as
although equations [2.7] - [2.8] are derived for a field at fixed frequency, this constraint can

be relaxed under the condition that the field variation is slow enough

dt

d|A
kE

‘ << KE. (2.16)
As for the constant field case, applying an electric field £ to the system causes the Bloch
vector to begin precessing around the applied torque vector at a frequency Q(A,t) =
\/(né’(t))w . Now, imagining an initial system with a field far from resonance (i.e.
a large |A|), we can consider the effect of sweeping £ through the transition much faster
than relaxation, but still satisfying Equation [2.16, Here, with a large transition dipole
moment and/or a strong laser field the adiabatic condition can be met, and €(t) will
change direction very slowly compared to the rate of precession of p around it. In this
manner the Bloch vector can be said to adiabatically follow €2(¢). If p begins at the
nadir of the Bloch sphere then this adiabatic following can lead to a complete inversion,
as the w component evolves from -1 to +1. This effect, is demonstrated in Figure [2.17]
and was first used experimentally to achieve population transfer in NMR [8I]. It has
however since been achieved optically through tuning of both the laser radiation [82],

and also the transition frequency itself in Stark spectroscopy [62].

In these current pulsed experiments, whilst the chirp rate is large enough to ensure that
passage is observed, the conditions required for the observation of ARP are not met.

That is that whilst the rate of change of detuning must be much faster than relaxation,

00) __dA
T dt’

(2.17)

the precession of the torque vector €2 around p is too fast for the following condition to
be met
dA

- << 0? (2.18)

and thus allow adiabatic following. Figure [2.19| shows a simulation of the evolution of
w as a typical pulsed QCL pulse is applied, chirping from positive to negative detuning

at a chirp rate of 65 MHz ns™!, over the P(36)e transition of NoO (resonance at 0 ns).

Population transfer can be quantified from this graph as equal to (w + 1)/2, and it is
instantly apparent that even in this simplified case insufficient excited state molecules

(0.0015%) would be prepared for any secondary applications.

In order to sufficiently increase this transfer level we would need to move towards the
adiabatic limit. As the boundary between linear and adiabatic rapid passage is defined

by the A/S = 1 limit, if we consider only situations in which behaviour can be considered
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FIGURE 2.19: Simulation performed using the Maxwell-Bloch equations estimating the
population inversion (w) induced during a Q-MACS pulse upon the CHy.

as rapid then the aforementioned value 3 = a//[Q9]? may be used as a marker of passage
form. Particularly we can consider § = 0 and 8 = oo as the limits towards which we
wish to tend in order to reach either adiabatic or linear rapid passage respectively. In
the present case we find ourselves firmly in the linear regime with a § of 1100, far from

the ideal case as is shown in Figure [2.:20]
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FIGURE 2.20: (a) Population Transfer as a function of 8. Q-MACS and Daylight S’s
shown as blue and red (b) Population transfer as a function of frequency for a selection
of chirp rates.

Thus, in order to increase the population transfer we shall need to either increase our
Rabi frequency or decrease our chirp rate. The chirp rate of a pulsed QCL is however
determined by the rate of heating and as such is invariable outside of narrow limits.
Thus, with a typical chirp rate of 65 MHz ns~! a Rabi frequency of 250 MHz would be
required to meet the adiabatic condition S = 1. In order to achieve such a large Rabi

frequency the electric field would have to be 40 times larger than present, demanding
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the beam radius be reduced to c.a. 100 pm. Whilst it would be physically possible to
reach this beam waist, such strong focusing would result in rapid divergence following
the focal point and thus significantly decrease the useful interaction path length such
that only a very small number of molecules would see anywhere near the maximum

electric field.

In contrast, were we to have control over the rate of frequency change, then for the

I would give us g = 1.

P(36)e transition, lowering the chirp rate to c.a. 50 kHz ns™
For pulsed laser systems this is not possible, but Chapters [] and [5] discuss population
transfer options provided by the higher powers and control of chirp rate afforded by cw

QClLs.

As the simulations shown in Figure demonstrate, all of the experiments performed
in this chapter are well within the linear passage regime. However, in order to further
investigate this limit, work has been performed investigating the slower chirping Daylight
QCL at a variety of powers. In Figure[2.21] data is shown for spectra of 30 mTorr of NyO
in a 70 cm cell for two different chirp rates (75 and 58 MHz ns~!). In this experiment the

(a) ' — 6mw
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FIGURE 2.21: Spectra for varying powers in the Daylight EC-QCL (a) at a chirp rate
of 75 MHz ns™! and (b) at a chirp rate of 58 MHz ns~!. The power levels correspond
to the averaged power.

laser output power was maintained at its maximum output power, but then attenuated
before the cell with the use of a wire grid polariser. The rapid passage structure is clearly
observed over two decades of power at both chirp rates, demonstrating the relative
insensitivity to power in this regime. This result is expected, and is demonstrable from
the Bloch ‘phase diagram’ in Figure as a change of power without a variation in
chirp rate is merely a change in S and as such is a vertical transition on the diagram.
It is there demonstrated that the linear rapid passage regime is maintained down to the

horizontal axis from any point within that regime.
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2.8 Conclusions

This chapter has seen discussion of two different QCLs, a DFB QCL and a higher power
EC-QCL. The spectral output of both lasers has been compared, and the effects of the
rapidly swept pulses have been examined. Rapid passage has been shown to disappear as
a function of increased collision rate, and a simple model has been presented to explain
the behaviour of this effect within a two-level atom. The effect of pressure and path
length upon the form of rapid passage signal has been investigated, and the shift between
positive and negative absorption described as a function of number density for a number
of transitions in NoO and CHy4. These delay measurements have provided some surprising
results, both in the concordance in degree of shift between these molecules, and in the
importance of path length. These measurements have thus indicated the insights that
this form of coherent spectroscopy can provide into the relaxation processes within the
molecular gas system, and the degree to which field propagation can play a part in the
observed spectra. Finally, a discussion was presented of the various means of producing
population transfer within a molecular system, with an eye upon the coherent processes
occurring during a QCL pulse. The effect of power upon the observed spectra was
observed, and it has been concluded that pulsed QCLs are not currently capable of the

power and chirp rates required for utilisable population transfer.



Chapter 3

Continuous Wave Quantum
Cascade Laser Absorption

Spectroscopy

The first continuous wave (cw) QCL was demonstrated a year later than its pulsed
analogue [19], a delay owing in large part to the thermal stress induced by the large
amount of heat that builds up in the active region during operation. Thus, innovations
in heat management were required, leading to the first room temperature cw QCL being
demonstrated only in 2002 [83]. Indeed water cooling is typically still required for their

operation, though convection based devices are starting to become available.

There are a number of advantages of cw QCLs over pulsed systems; for one, tuning
schemes are much simpler, as a scan can be performed by applying a current ramp
directly to the laser. Furthermore, as the current change can be made to be relatively
slow and constant there is no observable frequency chirp as there is in both pulsed
operating modes, meaning that there is negligible tuning-rate-induced broadening so that
sub-Doppler resolution is achievable raising the prospect of the utilisation of sensitive

detection schemes based upon optical cavities.

In this chapter work is presented using both DFB and external cavity cw QCLs. A variety
of spectroscopic techniques are discussed and their sensitivities are compared. The high
resolution afforded by these devices is then utilised to determine spectral constants of
deuterium bromide, previously unknown due to the lack of versatile radiation sources in

the mid-infrared.

41



Chapter 3. CW QCLAS 42

3.1 Experimental

3.1.1 EC-QCLs

Most of the work presented in this chapter is performed using one of two EC-QCLs
from Daylight solutions both based upon the 21052-MHF model: one operating over the
range 1872-1958 cm ™! at a chip temperature of 15 °C, outputting powers in excess of
60 mW, and another covering a wider range (1776-1968 cm~!) at a chip temperature
of 17 °C with output powers in excess of 80 mW over the whole range. For this latter
device there is a smaller internal region (1870-1920 cm™!) free from mode-hops and
over which the output power was in excess of 100 mW, but there is no such range for
the former. In both cases where mode hops were present in a scan, alteration of either
the injection current or chip temperature was often sufficient to provide a single mode
scanning range of c.a. 0.5 cm™'. The behaviour of these two systems is similar enough
that distinguishing between models is not necessary except for where it is obvious (for
instance in available tuning ranges, or higher output powers) but for clarity’s sake, work
performed with an EC-QCL in this chapter is largely performed using the narrower
tuning device excepting that in Section and all else in this thesis is performed with

the wider tuning device.

Both devices are capable of being tuned through three mechanisms operating on different
time scales; the length of the cavity may be stepped using the laser controller, a sine
wave (up to 10 V) can be applied to the piezo (PZT) controlling the output grating,
or a ramp applied directly to the injection current. The cavity length can be stepped
with 6 different preset tuning rates for the grating inside the laser head, the fastest of
which covers the entire tuning range of the laser in c.a. 10 s. This tuning mechanism is
exhibited in Figure a) whereby the laser beam from an EC-QCL is passed over 2 m
of free space and collected onto a detector (VIGO PVI-2TE-6). The fast oscillation on
the baseline (Figure[3.1{(c)) corresponds to an imperfect anti-reflection coating, which is
optimised for operation at the high wavenumber end of the tuning range, but the larger
sharp dips correspond to transitions due to aerial water (~ 1%), which are compared to
the (black) HITRAN data [84]. An average tuning rate of 100 MHz ms™! is observed,
and over the entire range of the laser there are more than 40 mode hops, in the lower
wavenumber region (Figure[3.1| (b)). These mode hops are largely due to manufacturing
issues with the antireflective coating, and its sub-optimal performance in this region,
although there is a further contribution from impedance mismatching as discussed in
[85]. Using this method of scanning data was typically very noisy, and averaging made

impossible due to hysteresis in the scan.
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FIGURE 3.1: Transmitted intensity after a pathlength of 2 m in laboratory air (~ 1%

water in laboratory air) showing (a) the spectrum of the v band of water between 1872

and 1958 cm~!as compared to the HITRAN water spectrum, (b) mode hops in baseline
oscillation, (c) fast oscillation due to imperfect antireflection coating.

When tuning the system by applying a sine wave modulation to the PZT in the laser
head, a spectral range of c.a. 1.2 cm™! can be swept through at rates from 1 - 100
Hz. Figure shows the effect of tuning the laser in this manner over the (14,2,13) <«
(13,1,12) transition within the v band of water in 2 m of lab air. In this case a 70 V
signal has been applied to the piezo at a frequency of 10 Hz, and a Voigt fit is shown on
top of the data. The recorded transition has a full width at half maximum (FWHM) of
850 MHz, consistent with an air-broadening parameter of 0.51 MHz Torr—! as reported
in the HITRAN 2004 database [84].

When modulating the injection current of the laser, a sine wave of 2 V peak to peak
can be applied at rates between 10 kHz and 2 MHz, resulting in a maximum tuning
range of c.a. 500 MHz. Unfortunately this limited tuning range is narrower than the
full width of a typical transition in this tuning range (Doppler widths c.a. 200 MHz)

and so is not generally applicable to direct spectroscopy (for an exception see section
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FIGURE 3.2: A typical spectrum of the (14,2,13) « (13,1,12) transition of water
recorded by scanning the PZT.

. Instead this tuning method is very useful for the fast frequency change required
in modulation spectroscopy as will be demonstrated in section The use of this
tuning methodology was further limited by the band pass filter applied internally to the
injection current which meant that the transfer function of the modulation amplitude

was not constant below c.a. 15 kHz.

In typical running modes, the EC-QCL output was attenuated immediately following the

laser facet in order to both reduce saturation effects and make the laser beam eye-safe.

3.1.2 DFB QCLs

The DFB lasers used in the work presented in this chapter were acquired directly from
the manufacturers, one 5 pm laser from Alpes Lasers SA operating between 10 and
-30°C and producing up to 7 mW of laser light between 1818 and 1830 cm™!, and a 10
pm laser from Hamamatsu operating between 1029.5 and 1032.3 cm™! and producing
up to 6 mW of power. The 5 pm laser was mounted in a prototype homemade device,
as is shown in Figure designed and built in order to allow the application of non-
proprietary current and temperature drivers and thus permit a large degree of control

and flexibility of operation.

The 10 pm laser by contrast was operated in an ILX Lightwave mount (LDM-4872), and
both lasers were driven using an ILX Lightwave high compliance current driver (LDX-
3232). For the most part low noise ILX temperature controllers (LDT-5545B) were

utilised for both lasers, but where specified the 5 pm laser was utilised in tandem with
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F1GURE 3.3: Exploded diagram showing design for prototype laser mount.

a homemade temperature control. As opposed to the Daylight system, direct control of
the various laser operation parameters was available, and the laser output power and
voltage as a function of applied current (LIV plot) is shown for the 5 pm laser in Figure

taken from the Alpes specification sheet.

12 ———7——7 8
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——-10 °C power 46

Voltage (V)
Output Power (mW)
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Current (A)

F1cURE 3.4: Output power and voltage as a function of applied current for the Alpes
Laser 5 nm QCL at a range of temperatures. Voltage curves are only shown for the
extreme temperature values for clarity.

Tuning of these lasers was performed through the simple application of an external

function to the ILX controller, which effectively sums the two waveforms. QCLs are
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particularly sensitive to noise in the injection current, and thus operation was performed
in the high bandwidth mode, allowing modulation up to 250 kHz. In this arrangement,
the laser could be tuned relatively quickly over a wide wavelength range, thereby shifting
the timescale of data acquisition away from long term drift and the 1/f" technical

noise which has been shown by Bartalini et al [86] to be particularly limiting to laser
bandwidth.

3.2 Spectroscopy

Much of the work presented here and in the following chapters is performed using nitric
oxide, and as such a brief discussion of its spectroscopy, and real world importance is

presented here first.

3.2.1 Nitric Oxide

Nitric oxide holds interest as both an atmospheric gas [87], as well as a human biomarker
53 57, 88-92]. In the atmosphere NO acts as a source of tropospheric ozone during
daylight through its reaction with partially oxidised organic species, and thus is a major
contributor to photochemical smog. In terms of biological importance NO plays a part
in all manner of processes, from immune reactions to neurotransmission [93], 94], and
in 1998 the Nobel Prize in Physiology and Medicine was awarded to work recognising
the role of NO in the cardiovascular system. In healthy human mouth breath there is
typically 5-20 part per billion (ppb) of NO, 40-200 ppb in nasal breath, and levels of
200-500 ppb are reached whilst humming [95]. Variations from these parameters then
signify an abnormality, with elevated concentrations largely associated with inflamed
lower airways e.g. asthma, and reduced concentrations indicative of (amongst other
things) cystic fibrosis - though it should be noted that there are better tests for the
latter. Taking asthma as an example it is thus desired that a detection level of c.a. 1

ppb is achieved for accurate diagnostic use [95].

The ground state molecular orbital configuration of NO is:
XTI : (10)2(20%)%(30)2 (4o%)? (50)? (1) (27%)! (3.1)

As there is no strongly charged nucleus within the system, the resultant total orbital
angular momentum, and electron spin, respectively L and S, are sufficiently weakly
spin-orbit coupled that they instead couple to the electrostatic field produced by the 2

nuclear charges.
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The vector L is now strongly coupled to the field and the frequency of precession about
the internuclear axis is so high that the magnitude of L is poorly defined, and it is no
longer a good quantum number. Instead, only the component A# is defined. S is also
coupled to the internuclear axis, but in this case due to the magnetic field caused by
the motion of electrons and not the electrostatic field itself. S in fact remains a good
quantum number with a projection onto the internuclear axis of XA, with ¥ analogous
to Mgas X =5,5—1,....— 5, such that it has a multiplicity 25 + 1. The final quantum
number of relevance here is 2 = |A + X|, where QA corresponds to the component of the

total electronic angular momentum along the internuclear axis.

In the case of NO we have A =1 and ¥ = j:%, and two closely spaced electronic states
21 1 and 211 3 as candidates for the ground state. The spin-orbit interaction shifts these
levels by AE = AAY, where A is the spin-orbit coupling constant. As A in this case is
+123 cm™! [96], 211 1 is the ground electronic state, but as the splitting between the two
is significantly less than kT (208 cm™1!), there is appreciable population in both states
and two sets of transitions are observed in the room temperature infrared spectrum. In
Figure [3.6{both of the R(6.5) transitions in the v = 1 < 0 fundamental vibrational band
of NO are shown; the ‘doublet’ at c.a. 1900.07 cm~! corresponding to the R(6.5)% and
the ‘singlet’ at 1900.52 cm™~! to R(G.S)%.

For all states with A > 0 a degeneracy is produced which, when perturbed by the
rotation of the molecule, leads to two non-degenerate states, labelled e and f. It is this
further splitting known as A-doubling that is apparent in R(6.5) 1 causing an observed
doublet with a spacing of c.a. 330 MHz. This splitting also occurs in R(6.5)%, but
has a magnitude of only c.a. 26 MHz and so is not observable in Doppler broadened

transitions with a width of c.a. 130 MHz.
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FIGURE 3.6: Spectrum showing the resolved and unresolved A-doublets due to the
R(6.5) 1 and R(6.5) 3 transitions in the fundamental vibration band of NO respectively.

There is one more interaction of note here, though almost completely unobservable; the
nuclear hyperfine interaction. As '“N has a nuclear spin, I, of 1, each rotational level, .J,
is split into 3 hyperfine levels, characterised by F' = J, J £ 1 (excepting J = 0.5, which
is split into F' = 0.5,1.5). This produces a shift in transition frequency of less than 1
MHz for the transitions observed here, and so can be disregarded for all but the most

precise of work.

Finally, of importance when considering absorption spectroscopy are the selection rules

in operation, the relevant ones being:

AA =0,+1 (3.2)

AS =0 (3.3)

AY =0,AQ =0, +1 (3.4)
esre, fe fee— f (3.5)
AJ =0,+1 (3.6)

AF =0, +1. (3.7)

As the cases we will consider concern only ro-vibrational spectra we expect AA = 0 and
thus AQ = 0. These rules are far from immutable, but Figure shows the 3 strong
transitions that make up one of the A-doublets of R(6.5)1 in Figure

2
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FIGURE 3.7: Schematic of the strong transitions between hyperfine split states making
up one of the R(6.5)1 doublets. All three of these transitions would appear within 1
MHz of each other in the centre of the lowest wavenumber doublet of R(6.5) 1 in Figure

B8

3.2.2 Direct spectroscopy

Direct absorption with a cw laser is one of the most obvious optical experiments. In this
section similar experiments are performed with two lasers working around 5 pm (EC-
QCL and Alpes). Considering the EC-QCL first, a 40 V signal was passed to the PZT at
97 Hz, and the laser radiation passed through a 70 cm cell and directed onto a detector
(VIGO PVI-2TE-6). The cell was filled with 140 mTorr of NO, the laser tuned to 1906
cm ', and the resulting scan is shown in Figure |3.6 100 averages were taken whilst
acquiring this data, and the frequency scale was calibrated using a 500 MHz Ge etalon,

L over the entire scan.

giving line positions in agreement with literature to 0.005 cm™
The narrow absorptions (as has been discussed) correspond to the R(6.5) transitions,
and the broad oscillation is in fact the same as the ‘fast’ oscillations seen in the wide
scan in Figure [3.1] An oscillation of very small amplitude is also just perceptible upon
the baseline in this spectrum which is due to optical feedback into the laser - an effect
to which the external cavity laser is particularly susceptible, and one of the primary

sensitivity limiting factors in all of our EC-QCL spectroscopy.

Figureshows the R(8.5)% transition of 140 mTorr of NO in a 10 cm cell taken at 10 Hz.
The 320 MHz A-doublet splitting for this absorption is clearly apparent, and by fitting
Voigts to the individual hyperfine components with integrated area ratios determined
by the HITRAN linestrengths, a measured Doppler width of 135 MHz was returned,
in good agreement with the 130 MHz for a thermal sample at 298 K. Furthermore,
the Lorentzian width component of the Voigt allows an estimate to be made of the

laser bandwidth, which in this case is 18 MHz over the time taken for sample acquisition
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FIGURE 3.8: Spectrum showing the resolved A-doublets due to the R(8.5), transition
in the fundamental vibration band of NO taken with the Daylight Solutions EC-QCL
alongside Voigt fit and residual.

(10 s). This is in reasonable agreement with other similar reported values of free running
EC-QCLs [97-99], but is not the inherent linewidth, and this shall be further discussed
in Chapter [d The areas returned from these Voigt fits can further be used as a measure
of the sample concentration, and from this a measure of the sensitivity of the detection
method can be obtained. There are a number of ways of quantifying this sensitivity, and
the choice is often largely arbitrary, but in this case, assuming a white noise dominated

experiment we shall use the time normalised sensitivity, where

L\/T(‘TTL, (3.8)

Qmin =

min (S/N)l
with A the absorbance at line centre, (S/N) the signal to noise ratio, [ the path length,
7 the time constant of detection, and n the number of averages. In this manner, typical

—-1/2

sensitivities of iy = 4.8 x 107 em~! Hz have been recorded for the wider tuning

range EC-QCL.

Whilst running the Alpes laser it was possible to modulate at frequencies up to 250
kHz, and indeed, due to unisolable noise from the laboratory ground, it was desirable
to operate at a frequency above the bulk of this noise. Figure [3.9] shows data taken
with the laser tuning over the P(13.5)% transition at 1824 cm~! at 150 kHz with 340
mTorr of NO in a 10 cm cell. Raw single sweep, and 6 MHz low pass filtered data
are displayed, and time normalised sensitivities of aumin = 2.5 x 1076 cm ™! Hz /2 and
Qmin = 9.2x1077 cm ™! Hz~ /2 are achieved respectively. That this suggests a sensitivity

at least an order of magnitude larger than that of the EC-QCL is determined largely by
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FIGURE 3.9: Spectrum showing the resolved A-doublets due to the P(13.5), transition
in the fundamental vibration band of NO, taken with the Alpes Laser QCL.

the fast acquisition permitted by the ILX current controller and measurements taken at
60 Hz returned a sensitivity of only 1.9x10™% cm ™! Hz /2. Thus, whilst a more sensitive
measurement may be made in less time with the Alpes, this would not necessarily remain
true were the Daylight capable of scanning over a transition at the same rate. Finally,
Voigt fits of the fast scan data return a thermally anticipated Doppler width of c.a.
125 MHz and a Lorentzian component of 15 + 2 MHz implying a time averaged laser
bandwidth of that order.

3.2.3 Sensitive Detection Methods

Often, one wishes to detect a molecule that exists in small concentrations, or that has a
weak absorption cross section - for example explosive detection, medical diagnosis or at-
mospheric analysis - and this remains one of the drivers of MIR spectroscopy. Therefore,
higher sensitivity is desired than that which can be gained by pure direct absorption
spectroscopy, and in these instances a number of techniques can be used, from modula-
tion spectroscopies, to path length enhancement techniques, or even indirect detection
methods such as photo-acoustic spectroscopy. This section discusses the relative merits,

and compares the results of a few sensitive detection methods

3.2.3.1 Wavelength Modulation Spectroscopy

Wavelength modulation spectroscopy (WMS) is a detection method which removes ran-

dom noise from a signal by encoding the incident radiation with a specific frequency
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of modulation and then decoding the detected signal at that same frequency using a
lock-in amplifier. Only the section of the detected signal which is encoded at the correct
frequency and phase is then passed out from the lock-in for averaging. WMS was first
demonstrated in 1978 [100} T01] and has found widespread use as the detection frequency
is shifted away from the 1/f™ technical noise which peaks at low frequency. Unfortu-
nately, the signals returned from the lock-in amplifier are not generally self-calibrated,
as is the case for direct spectroscopy, but instead needs calibration by comparison with
a direct technique. There are notable exceptions to this caveat in [102] and [I03] though
the first is applicable to only second harmonic detection of perfectly isolated lines and
requires accurate knowledge of the frequency tuning, and the second whilst more widely
applicable, requiring only collection of both in the signals in and out of phase with the
applied sine wave (the x and y channels on an oscilloscope), is found to be difficult to

implement in practice and requires significant absorption levels.

Theoretically, the application of WMS can be considered as follows: if we imagine a
narrow band laser source, the overall angular frequency, w, of the electric field associated
with the emission frequency, wy, in the presence of an applied modulation frequency,
W, 18,

w = wr, + amcos(wnt), (3.9)

where a,, is the modulation amplitude. The overall time dependent intensity of the

modulated radiation, I(wp,t) can be written as a cosine Fourier series,

oo
I(wo, t) = Y Hy(wo)cos(nwpt) (3.10)

n=0
with each harmonic component, H,(wp), capable of being extracted from the overall
signal by the lock-in amplifier. At any one time, the lock-in can be set up to return a
single harmonic component, and in the the presence of a frequency dependent absorption,

o(w), the returned signal is given by

Hy,(w,) = 72T/0 Io(wo + amcos(f))el~owotamcos(DIClyqq(10) 4(0) (3.11)
_ 2hCl / (0 (wo + amcos(8)]cos(nd) d(6). (3.12)
™ Jo

Here, [3.11] becomes [3.12] based upon the assumptions that the transmitted intensity I is
invariant with respect to frequency in the absence of an absorber, and that a small degree
of absorption exists such that the Beer-Lambert Law becomes I(w) = Ip[1 — o(w)CI]. 0

replaces the term wy,t.

When the amplitude modulation is much smaller than the absorption linewidth (a,, <<
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Aw) a special case known as the derivative limit is found. In this case Hy,(wp) is propor-
tional to the n'" derivative of the lineshape o(w). The expression of this limit is derived
using a Taylor expansion of o(w) and is given by the equation

Iycir2t-m o (do
Hp(wo) >~ py a, (dw”) . (3.13)
° w=wq

The derivative limit provides simple analysis and interpretation of the recovered WMS
signal, however this limit does not produces the largest WMS signals and as such is not
ideal for sensitive detection. Instead, the dimensionless parameter, b = 2a,,/Aw, the
modulation depth, is chosen such that the largest WMS signal is observed. There is also
a further consideration here, as increasing the modulation amplitude, whilst increasing
the size of H,,, also broadens the signal meaning that an optimum modulation depth is

found at a,, ~ Aw, though exact optimum parameters are given in Table

Harmonic 1 2 4 6

Gaussian by = | 1.6 2.1 3.6 5.2

Lorentzian by, = | 2.0 2.2 3.9 74

TABLE 3.1: Optimum modulation indices for a selection of low harmonic WMS of
Gaussian and Lorentzian lineshapes [104].

Figure demonstrates the evolution of a Gaussian WMS signal as a function of
harmonic. It is notable that at higher harmonics, the observed signal amplitude is
decreased for a given modulation amplitude. It is however, also notable that whilst larger
signals may be produced through the increase of b, this also introduces extra broadening
which must be considered in any fitting routine, and can lead to more congested spectra.
Furthermore, whilst the 1 f harmonic has the highest maximum peak-to-peak amplitude,
it is often preferable to use 2f detection instead, as the residual amplitude modulation

(RAM) contribution to the noise is lower, and baselines are often smoother.

In order to show the congestion that can occur within WMS, Figure shows the 1f
signal for the R(8.5)% transition at the same conditions as in Figure with 1.5 mV
(~ 60 kHz) modulation at 15 kHz on top of the 10 kHz PZT scanning. It is clear here,
that even with modulation well within the derivative limit, 1f spectra of just two peaks

are complicated by the applied modulation.
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Amplitude

Wavenumber

FI1GURE 3.10: Schematics of WMS spectra of a Gaussian lineshape demodulated upon
the first four harmonics.

WMS signal (mV)

1906.13 1906.14 1906.15 1906.16

FIGURE 3.11: First harmonic WMS spectrum of the R(8.5)% transition of NO, demon-
strating the congestion caused by neighbouring lines, even in the derivative limit.

The effect of harmonic changing upon a ‘singlet’ illustration is shown in Figure for
the Q(2.5)s transition in the NO Q-branch at 1875.72. 140 mTorr of NO were used in
2

a 10 cm cell at a range of harmonics and the laser was ramped at 10 Hz and modulated

at a frequency of 15 kHz.

Furthermore, Figure (a) shows the effect of increasing the modulation voltage upon
the 2f signal of 140 mTorr of NO upon the Q(25)% transition. The magnitude of the
signal, and hence the (S/N) ratio can be seen to initially increase with the modulation
amplitude, but as we move further from the derivative limit, modulation broadening be-

comes apparent. In Figure|3.13|(b) the measured signal amplitude is plotted as a function
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FIGURE 3.12: (a)Direct, (b)1f, (¢)3f and (d)5f spectroscopy of the Q(2.5)s transition
of 140 mTorr of NO.

of modulation voltage. Here, a maximum signal occurs at 700 mV, corresponding, as
we have seen in Table to a modulation index of 2.1, thus we can infer a modulation

depth of 142 MHz.
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FIGURE 3.13: (a)Second harmonic WMS spectra of 140 mTorr of NO for the Q(2.5)3

rovibrational transition centred at 1875.724 cm™! as a function of modulation voltage.
(b) The amplitude of the second harmonic WMS signal as a function of the applied
modulation voltage.

Calculating the sensitivity of spectra obtained through WMS is a somewhat contentious
issue, and typically sensitivities are given in so called bandwidth reduced form, whereby
the time constant of detection utilised in the lock in is used in place of the time constant
of detection in Equation This time constant is often of the order of microseconds
and using this methodology a maximum bandwidth reduced sensitivity, amin(BWeg), of
1.9 x 1076 ¢cm~! Hz~ /2 is recorded [46]. However, this methodology produces results
which are not directly comparable to direct measurements as spectra could not, in

reality, be recorded on such a short timescale. If we instead compare the time normalised
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sensitivities then a value of 4.4 x 10~° cm~! Hz~'/2 is returned, barely an improvement

upon direct spectroscopy, due to residual modulations observed in the baseline.

3.2.3.2 Long Path Cell

Perhaps the simplest of techniques used to enhance the sensitivity of absorption spec-
troscopy is to pass a laser beam through a gas cell multiple times. This can be done
manually for a small number of passes, but at larger multipliers it is often easier to
utilise a pre-aligned multipass cell. There are two primary cell designs in operation for

multipass spectroscopy: the White cell and the Herriott cell.

FIGURE 3.14: Schematic diagram showing a 4 pass path through a White cell.

The White cell was demonstrated by J White in 1942 [105], and a version of it has
already been utilised in this thesis in Section [2.6, White cells are suitable for use with
both lasers and incoherent light as light is refocused upon each pass. Typically, three
spherical, concave mirrors with the same radius of curvature are employed in the manner
shown in Figure [3.14] and whilst this diagram shows only 4 passes, the length can be

extended by any multiple of 4 up to tens or occasionally hundreds of metres.

The Herriott cell by contrast was first demonstrated in 1965 [106] and can only be used
with a coherent beam. It consists of two spherical or astigmatic mirrors placed facing
each other with beam entry usually through a hole in one of the mirrors as is shown
is Figure (a). In a spherical system, an off-axis alignment of the entrant laser is
performed and an elliptical path is traced on the mirrors (Figure before exiting

through the first mirror, often after a hundred metres or so.

Furthermore, by replacing one or both of the mirrors with astigmatic mirrors then the
paths traced can be far more complex, meaning that a larger proportion of the mirror
surface can be utilised without beam spot overlap, and as such a longer pathlength

achieved with limited fringing. Figure [3.16|shows a photograph of the Lissajous pattern
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FIGURE 3.15: Schematic diagram showing a path through a Herriott cell.

traced by a red diode laser in our Aerodyne Research Inc 238 m pathlength astigmatic

Herriott cell.

FIGURE 3.16: Lissajous pattern traced out by a red diode laser on an astigmatic mirror
within a 238 m Herriott cell

As there are very specific exit conditions for Herriott cells, the spot pattern on the
mirrors can be used to determine the path length in operation. As MIR radiation is
not visible to the human eye we instead used a red diode laser spatially aligned with
the 10 pm laser, and then verified the pathlength with a known quantity of gas. Figure
shows the spectrum of the P(42) transition of OCS at 1031.15 cm~! taken at 30
kHz with 29 mTorr of gas within the cell. A Gaussian fit of the spectrum is shown
with a linewidth of c.a. 40 MHz in reasonable agreement with a thermal sample at
298 K. No Lorentzian component is apparent and as such the laser linewidth cannot be
estimated except to say that it is insignificant compared to the Doppler linewidth and

as such < 40 MHz. Furthermore, this data provides a time normalised sensitivity of
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FIGURE 3.17: Spectrum of the P(42) transition of OCS at 1031.15 cm~! in a 238 m
pathlength Herriott cell. 29 mTorr of OCS were utilised, and this data is a result of 50
averages.

8.67 x 10~ %cm~1Hz /2, meaning that - in combination with the strong transition at
1031.110 cm ™" - ppb levels of OCS could be detected.

3.2.3.3 Optical Cavities

Whilst the utilisation of a long path cell extends the path length in a very direct manner,
passing a single beam between a series of mirrors, optical cavity techniques are designed
to increase the path length by ‘trapping’ laser light between two highly reflective (R >
99%) mirrors. These techniques have the advantage of providing an incredibly long path
length in a very short base area, but in lower powered systems can be difficult to apply

owing to low power levels exiting the cavities.

When setting up an optical cavity, there are two methodologies applied, either cavity
ring down spectroscopy (CRDS), or cavity enhanced absorption spectroscopy (CEAS).
In cw CRDS, laser light is injected into the optical cavity into the fundamental resonant
mode (TEMg), and allowed to build up. The light is then rapidly extinguished and the
time taken for the intensity to leak out is recorded as is shown in Figure If an
absorber is placed between the two mirrors then on each round trip further absorption
occurs and consequently the decay time is reduced. This ringdown time is then related
to the absorption cross-section and the concentration of absorbing gas is thus deter-
mined. CRDS can be difficult to set up as it requires a very precise, on-axis alignment,

however it has the advantage that the signal detected is mediated by the cavity and as
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FiGURE 3.18: Schematic showing a CRDS experiment; as the incident radiation is

extinguished, light leaks out from the cavity at a decaying rate, 1/79. Introducing an

absorber to the cavity changes this decay time by a characteristic, pressure dependent
value allowing characterisation.

such measurements are insensitive to laser intensity fluctuations which plague amplitude

domain methods.

CEAS in contrast is a much simpler, though generally lower sensitivity technique, with-
out the need for fast switching electronics. For CEAS, in contrast to CRDS, a slightly
off-axis alignment is employed such that many high-order cavity modes are excited si-
multaneously. By rapidly scanning the laser over a range of frequencies, these multiple
modes result in a consistent, smooth baseline with which spectra may be acquired in a

method analogous to that of direct absorption spectroscopy.

A thorough explanation of CEAS signals is given by Mazurenka et al [I07], which is

summarised here:

R 1-A R

I,(1-R)(1-A)’R’ >

[,(1-R)(1-A)R

I,(1-R)(1-A)'R >
Imi I (1-R) i /

I(1-R)(1-A)

out

F1cURE 3.19: Schematic of a CEAS resonator, tracking the intensity variations with
each pass of the cavity. Consecutive passes of the propagating beam have been displaced
vertically for clarity.

As Figure[3.19|demonstrates, when radiation of intensity I;,, is injected into a cavity, with
mirrors of reflectivity, R, the initial mirror passes [;,(1 — R) radiation into the cavity.
This then passes through the length, L, of the cavity with an intensity attenuated by the
single pass absorption, A, such that the intensity at the end of a single pass is I;,(1 —
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R)(1—A), and the consequent reflected intensity from that mirror is I;,,(1— R)(1— A)R.

This process continues ad infinitum such that the total output intensity is
o0
Iowt = Iim(1 = R)*(1 = A) Y R*™(1— A)*". (3.14)
n=0

For R < 1 and A < 1, this geometric progression can be rewritten as;

(1-R)*(1-A)
1— R2(1— A)2

Lot = Iin (3.15)

If the cavity contains no absorbing media then the output intensity, and hence the

baseline is: ( )
1-R

I =TI ——r 3.16

out (1 +R) ( )

&7

Thus, assuming a small degree of absorption, such that (1 — A) = e~*L, where a = No

as in Equation the ratio of intensities with (I,,:) and without (I

out) absorbance is

given by:
I(())ut _ ]‘ _ (Re—aL)2 3 17
It (1 — R2)eoL (3.17)

In the limit of highly reflective mirrors (R — 1), Equation can be expressed as

Dy —Iowt oL

out

Iout B 1_R’

(3.18)

with 1/(1 — R) effectively the path length enhancement factor upon the observed ab-
sorption signal compared to an analogous single-pass experiment. With R values in
excess of 99.9% path length enhancements greater than a factor of a 1000 are expected,
thus an L of 1 m would lead to effective path lengths in excess of a km, demonstrating
the power of this technique. The intensity dependent nature of Equation [3.18| means
that CEAS is sensitive to laser fluctuations, and hence limits its sensitivity compared to
CRDS. However, CEAS offers a much more robust, and straightforward setup, and in
fact mechanical vibrations can often be of assistance with CEAS, dithering the length

of the cavity and thus smoothing out mode noise when averaged.

Typical CEAS experiments are performed with a linear cavity, such that light is injected
and leaked-out from the cavity upon the same axis, however as the EC-QCL is partic-
ularly sensitive to optical feedback the work presented here is based upon a V-shaped
cavity. This was set up such that optical back-reflection from the first mirror was min-
imised. R = 99.97% mirrors over the wavelength region 5200 + 100 nm(Los Gatos)

were used in order to maximise the path length enhancement, and as the light exiting
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F1GURE 3.20: Schematic diagram demonstrating the experimental setup used for CEAS
in a V-shaped optical cavity.

the cavity is divergent an off-axis parabolic mirror was used to focus the light onto the

detector. The setup is demonstrated in Figure [3.20

Initial tests found incredibly persistent mode structure within the cavity output, one
of many sensitivity limiting symptoms endemic to mid-infrared cavities [108]. This
structure is shown in Figure for a 10 Hz scan, and suggests a non-optimal CEAS

cavity alignment.

0.00 | W Mﬂum n bl W

0.00 0.01 0.02 0.03 0.04
Time (s)

F1cURE 3.21: Transmitted light through the V-shaped cavity when scanning laser at
10 Hz over c.a. 0.7 cm~! showing persistent mode structure.
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Whilst this structure does not initially give a smooth baseline, mechanically dithering
the cavity length whilst averaging does, and the spectrum of three transitions in the s
fundamental band of aerial water around 1950 cm ™! are shown in Figure

12 ‘ I o I o I o I
1ol UT11e—(s215) | I
i Voigt 1 i

Voigt 2
0.8 - Voigt 3| ]
i Sum .
_ 06} _
< 04} (171 16)<«— (16 1 15) -
I (651)«—(624) ]

19498  1950.0 19502  1950.4 1950.6
-1
Wavenumber (cm)

FicUure 3.22: CEAS spectrum of water in laboratory air showing three transitions
about 1950.22 cm~!. This data corresponds to a reflectivity, R of 99.85%.

This data was taken at a repetition rate of 10 kHz, and is a result of 500 averages.
Through comparison with the stronger water absorption in the direct spectra shown
in Figure (a water composition of 0.876%), a path length enhancement of 685 was
determined, implying an R value of 99.85%. The widths of these transitions are notably

different owing to an order of magnitude difference in air pressure broadening coefficients

The cavity was then evacuated using a turbo pump, reaching a base pressure of 1.6 x 107>
Torr, and a small amount of NO (5.8 x 107° Torr) leaked into the cell. The laser was
tuned to the R(15.5)% transition and data recorded for 1000 averages whilst the cavity
length was mechanically dithered. The resulting spectra is shown in Figure [3.23] and
corresponds to a path length enhancement of c.a. 3000, and thus a mirror reflectivity
of 99.97%. This extra enhancement was produced in part through improved alignment,

but also in part to the removal of water and other unwanted gases from the cavity.

Due to residual mode structure, even after dithering and averaging for 1000 scans our
signal to noise ratio is only 70 and a time normalised sensitivity of 5.2x10~7 em~! Hz~1/2
has been achieved, 1-2 orders of magnitude smaller than that achieved in comparable

experiments with NIR diode lasers [I07], and significantly smaller than that for a long
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FIGURE 3.23: CEAS spectrum of NO showing the R(15.5) transition at 1927.27 em™h
This data corresponds to a path length enhancement of c.a. 3000 and a reflectivity, R
of 99.97%.

path cell. This situation is however not unique to this experiment, and a wide array of
complications typically limit the sensitivity of MIR cavity techniques compared to their
NIR analogues [108]. Regardless, in this situation the minimum detectable concentration
of NO is 2 ppb, high enough to be useful for medical sensing techniques, and comparable

with similar experiments in the literature [56, [88] 109].

3.3 High Resolution Spectroscopy of Deuterium Bromide

The work performed in this section is done to demonstrate the applicability of cw QCLs
to high resolution spectroscopy, and with the narrow bandwidth being applied to the

determination of previously unknown spectral constants.

The ro-vibrational spectra of the two most prevalent isotopologues of DBr (D™Br and
D8!Br) are considered to be of particular interest largely due to their possible metro-
logical application. Specifically, as DBr is a linear molecule, its spectra are relatively
simple and the regular spacing and strengths of the transitions within its fundamental
vibrational band lend it to the purpose of a secondary wavelength standard in the 1750

- 1900 cm ™! region.

At comparatively low resolution (< 0.02 cm~!) the spectrum of the v = 1 +- 0 band of
either isotopologue appears as a completely classical ro-vibrational spectrum as is shown
in Figure with a spectra simulated using PGOPHER [I10] and constants from the

literature.
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FIGURE 3.24: Fundamental vibrational band of D"?Br as simulated using PGOPHER
[110] and constants from the literature [IT1].

When one looks closer near the band centre however, hyperfine splitting caused by cou-
pling of the nuclear spin of the Br isotope with the rotational energy of the molecule
becomes apparent, and were one to look at a resolution far below Doppler, further split-
tings would be apparent due to the deuterium atom. Many studies have been performed
upon DBr and the vast bulk of the relevant spectroscopic constants determined but the
caché of constants has thus far not been completed. This is because, despite the appli-
cation of FTIR, microwave spectroscopy, CO lasers, and heterodyne spectroscopy, the
resolution of the MIR techniques is typically limited and the tunability of far-infrared
radiation sources techniques usually minimal. Thus, to date the hyperfine coupling
constant of the first excited state of D8 Br has been undetermined, and only one mea-

surement has been made of that for D™Br.

In this section, work is performed to determine these spectroscopic constants with our
widely tunable (1776-1958 cm~!) Daylight EC-QCL. In particular, as the hyperfine
splitting is most obviously manifest around band centre, we have observed the lines
R(0), R(1), R(2), P(1) and P(2) for both isotopologues in a 10 cm long cell. These
lines do not all lie within the mode-hop free range of this laser, but any mode-hops were
suppressed in the region of interest by altering either the temperature or scan range.
Relative frequency calibration was achieved with the use of the 500 MHz Ge etalon, and
where possible absolute frequency verified using nearby water and NO spectral features.
Figure demonstrates this showing the spectrum of the R(2) transitions of both
DBr isotopologues alongside the P(3.5)% A-doublet resolved transition of NO, and a
composite HoO spectral feature. Line positions were determined and compared with

1

literature values [84], giving agreement to within 0.005 cm™" over the entire scan range,
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with most of this error due to greater uncertainties in the tuning range near the edge of

the scan.
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F1cURE 3.25: Absolute frequency calibration was performed, where possible using

nearby NO and water lines, as exampled here for the R(2) transitions of both bromine

isotopologues, the P(3.5) 1 A-doublet resolved transitions of NO, and a composite HoO

spectral feature. The shaped baseline and etalons are likely due to imperfections in the
antireflection coating of the laser chip.

Figure shows spectra of the isotopologues of DBr, specifically (a) D™Br P(1) (b)
D3Br P(1), (c) D™Br R(1), (d) D¥ P(2). As there were already a number of con-
stants available in the literature, PGOPHER simulations have been performed for the
D™Br transitions using literature values [ITT1HI13], and these are overlaid upon the data,

showing good agreement.

As the splitting caused by the deuterium atom is very small (< MHz), and several orders
of magnitude smaller than both the splitting caused by the bromine isotopes, and the
Doppler broadening, we were able to neglect its effect, and treat both DBr isotopologues
as diatomic molecules split by the hyperfine interaction from a single nucleus. As such

the ro-vibrational energy levels are governed by the following relation:

G, F, 0 1) = e (v+ 3) — wee (v 4 )’
+[Be—ac (vt 3)] J(T+1)
—D.J*(J +1)* — f(F,J,1)e*Qq (3.19)
+HLCIF(F +1) = J(J +1) = I(I + 1)]

where v is the vibrational quantum number, F', J and I are the total, rotational and

nuclear spin quantum numbers, w, is the equilibrium oscillation frequency, wex, is the
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FIGURE 3.26: Spectra of the isotopologues of DBr, specifically (a) D™Br P(1) with
simulation, (b) D8!Br P(1), (c) D™Br R(1) with simulation, (d) D% P(2).

anharmonicity constant, B, is the rotational constant corresponding to the equilib-
rium separation, . is the vibration/rotation interaction constant, D, is the centrifu-
gal distortion constant, f(F,.J,I), is the Casimir function tabulated by Bardeen and
Townes [114], eQ is the nuclear quadrupole moment, eq the electric field gradient, and
$C[F(F+1)—J(J+1)—I(I+1)] is the nuclear magnetic interaction whose importance in
the spectra of hydrogen halides was pointed out by Burrus, Cowan, and Gordy [115], 116]
with C' a constant. As the electric field gradient, eq, is determined by all charges other
than that of the nucleus in consideration, and the molecule is not rigid, it must vary

with nuclear separation, R, like so:
eq(R) = eq® + eqgV¢ + g2 + . (3.20)

where £ = Réife and R, is the equilibrium value at v = 0, J = 0, and the coefficients eq(™)
are assumed to be of the same order of magnitude to ensure convergence. This equation

can however, also be approximately expressed with respect to its average rotational and

vibrational dependency:

eq(R) = eq® + eq J(J +1) + eq™ (v+3) (3.21)
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which can be further expanded such that:

¢ = (2Bejwe)?qW (3.22)
¢ = (38Be/we)(1+ aewe/6B82)q™M + (2B, /we)q?. (3.23)

Equation [3.22] is the rotational average considering that when a molecule rotates the
internuclear distance assumes a distance such that the centrifugal force is balanced by
the restoring force. It is also notable that Equation [3.23] is composed of two parts,
with the first and second components an average of ¢ and £2 over the anharmonic and

harmonic molecular vibration respectively.
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FIGURE 3.27: Individual fits to the R(0) transition of D8 Br and their sum, with three
Voigt profiles centred at 1847.845, 1847.848 and 1847.852 cm™*.

As the equation for the Casimir function in Equation [3.19]is equal to zero when there is
no rotational energy (J = 0), then these states are not split by hyperfine interactions,
and as such the P(1) and R(0) lineshapes can be considered as pure triplets with split-
tings determined wholly by the hyperfine coupling constants in the lower, and upper
vibrational states respectively. As such, the experimental spectra of these transitions
was satisfactorily fit using three lineshape functions: specifically, Voigt profiles chosen to
allow for both Gaussian and Lorentzian width contributions to the profile from Doppler
and time averaged laser linewidth contributions respectively. In this case the anticipated
Doppler width was set as determined by Equation [2.11] and the Lorentzian component
to 18 MHz, the time averaged linewidth determined in Section The result of this
fitting routine is shown in Figure for the R(0) transition of D8!Br, and the returned

line centres were used to determine the hyperfine coupling constants from Equations
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0. 24H3. 20!
vi = G'(v,F,J,I)+02¢°Qq—C (3.24)
vy = G'(v,F,JI)—0.05*Qq + 3C (3.25)
vy = G'(v,F,J,I)—0.025¢°Qq — 5C (3.26)

where G'(v, F,J,I) is the unsplit contribution to the ro-vibrational energy level, i.e.
neglecting hyperfine and nuclear magnetic interactions. The magnetic interaction con-
stants have previously been determined [I13], and are considered to be unchanged by
vibrational state [I12]. The e2Qq’s were determined for the ground and first excited
vibrational states of both isotopologues, and the results are presented in Table [3.2] and
Figure [3.28] alongside measurements previously reported in the literature. Notably, our
data shows good agreement with the literature, but with a generally larger error than
that of these previously reported measurements. This is partially due to a difference of
methodologies (i.e. pure rotational vs ro-vibrational spectroscopy), and partially due to
an unavoidable contribution from uncertainties in the frequency scale, likely rooted in a

combination of mechanical instability and optical feedback within our laser system.
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FIGURE 3.28: The hyperfine coupling constants determined in this study, and their
comparison with previous measurements.

Furthermore, as the isotopic dependence of eq(*) and eq(*) is held largely in the constants
we, Be and ae, and these are well known for both isotopologues, analysis of literature
values for the vibrational and rotational dependence of the electric field gradient for
D™Br in Tokuhiro [TT1] can be used to yield isotopic independent expansion coefficients

eq?, eqV) and eq?. These, when combined with the ratio of the nuclear quadrupole
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TABLE 3.2: The hyperfine coupling constants determined in this study, and their
comparison with previous measurements.

D79Br D31 By
FQa=0)  @Qa=1)  PQav=0)  @Qq(v=1)
Ref  Method (MHz) (MHz) (MHz) (MHz)
This Work - QCL 531.4 £ 9.1 550.8 £ 10.9 436.2 £ 8.7 460.5 £+ 12.2
This Work - Calculated - - - 464

van Dijk [I13] Microwave  530.6315 + 0.0021 - 443.2799 £+ 0.0021 -
Gordy, Burrus  [I17]  Microwave 533 £ 3 - 445 £ 3 -
Cowan, Gordy [116] Microwave 530.5 + 0.3 - 443.5 £ 0.3 -
Wells et al [I12] Heterodyne - 557.2 £ 10 - -
Burrus [I1I8] Microwave 530.65 + 0.5 - 443.29 £ 0.5 -

moments (eQ)) of the bromine isotopes given by Hebert and Street [119], enable us to
gain an estimate for the vibrational component of the hyperfine splitting of D8 Br, and
consequently the hyperfine coupling constant for the first vibrationally excited state to
be 464 MHz, again in good agreement with our observed value (460.5 + 12.2 MHz).

3.4 Conclusions

In this chapter work has been performed examining the behaviour of both external cavity
and DFB QCLs. Initial spectroscopic measurements have been made with both, and the
wide tuning range of the EC-QCL demonstrated. Direct absorption spectroscopy has
been performed upon nitric oxide with both a DFB and an EC-QCL and the optimal
sensitivities compared (2.5 x 1076 vs. 4.8 x 1075 cm~! Hz~'/?). Wavelength modulation
spectroscopy, long path cells, and optical cavities have been considered as sensitivity
enhancing methods for use with QCLs and the resulting a;,;,’s compared, with achieved
sensitivities high enough for medical sensing. The high resolution of cw QCLs has then
been utilised in order to observe molecular transitions of both isotopologues of DBr about
the centre of the fundamental ro-vibrational bands. The hyperfine coupling constants of
both the upper, and lower vibrational state have been determined, in good agreement
with values previously recorded in the literature. In addition, the first measurement
of the hyperfine coupling constant for the first vibrationally excited state of D8!Br was
performed, returning a value of 460.5 4+ 12 MHz, also in good agreement with predictions.
In this manner the caché of constants required for the use of the DBr isotopologues as

mid-infrared frequency calibration standards has been completed.



Chapter 4

Non-linear Spectroscopy with a

cw EC-QCL

When the electromagnetic field incident upon a system becomes sufficiently strong, it
perturbs the system, to the extent that the probability of photon absorption is modified.
This can be analogously thought of as a speaker played at a volume above its capacity.
As the driving voltage is increased there are audible distortions and these distortions
create new sound frequencies at the sum and differences of the driving frequencies, as
well as changing the amplitude. These effects have already been discussed in the case
of difference and sum frequency generation (DFG and SFG) as methods of producing
MIR radiation, but are equally present in spectroscopic measurements when considering
a saturable absorber or a two photon absorption. The following two chapters discuss
precisely these effects, investigating both the linewidth and the population transfer in-
duced by a high powered QCL. Nitric oxide is utilised as a test case in this chapter as

its transitions are large in this region and its spectrum is well known.

4.1 Lamb-dip Spectroscopy

The Doppler effect has already been discussed as a dephasing mechanism (Section ,
and at low pressures is often the limiting factor with respect to the resolution in cw
spectroscopy. It is possible to reduce the Doppler width of a transition by reducing
the number of velocities within the sample - in a molecular beam for instance - but in
1964 a method was predicted by Lamb [120] and then realised in 1969 by Costain [121]
that allows the achievement of sub-Doppler resolution without complex apparatus. This

methodology is referred to as Lamb-dip spectroscopy.

70
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In order to understand Lamb-dip spectroscopy we will first step back and consider
population transfer in the form of saturation. This derivation is based upon that by
Demtroder [122]. Considering a system of two non-degenerate levels, coupled by a near-
resonant electric field, then Figure shows the processes determining the populations
N1 and Ns. Unperturbed, the system is in equilibrium with consistent relaxation be-
tween the two levels due to processes including the natural lifetime, determined by the
Einstein coefficient, A, and collisional population transfer. Unless levels 1 and 2 are very
closely spaced compared to kT then the population in the excited state at equilibrium
will be fairly small and thus so will the rate of transfer from level 1 into level 2. When
a coherent light source near resonance is applied to the system however, the system is
perturbed from equilibrium as the light field couples the two states and excitation and

de-excitation processes occur at a rate dependent upon the intensity of the radiation.

2%

Ht—T—

RN, |B.pN, i RN,

e it =

FIGURE 4.1: Schematic diagram demonstrating the population changing processes of
a two level system in a resonant electromagnetic field (emitted photons are excluded
for clarity).

The probability P = Bjap(w) for a transition from level 1 to 2 by absorption of photons
hw from a field of spectral density, p(w) and the depopulation probability R; for level

|i) leads to the following rate equation:

dN dN-
—1 =_=2— _PN; — RiN; + PNy + RyN;. (4.1)
dt dt
Under stationary conditions (dN;/dt = 0), and using the relation Ny + No = N we can

obtain:
P+ Ry

2P+ Ry + Ry’

and thus see that as the pumping rate, P becomes much larger than relaxation rates, R;,

Ny =N (4.2)

we tend towards the result of Ny = No = N/2 and the absorption coefficient, «, which is
related to the absorption cross-section, o and the population difference (o« = o(N1—N3)),

tends to zero, and the system becomes transparent.

Comparing the notation used here with that in Chapter [2 the relaxation rate Ry is the

reciprocal of T7, the deexcitation constant.
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In the absence of radiation, i.e. P = 0 the population densities are:

Ry
N = —2 N 43
10 R+ Ry ( )
Ry
N- = ——N. 4.4
20 R+ Ry (44)

If AN = Ny — Ny and ANy = N1g — Nag are the population differences with and without

the presence of radiation then

ANy ANy
AN = = ) 4.5
1+2P/(Ri+Ry) 148 (45)
where S is the saturation parameter,
2P P Blgp(w)
S=— === —""". 4.6
(Ri+R2) R R (46)

Physically, S represents the ratio of the pumping rate, P, to the average relaxation
rate, R. Since the pump rate due to a monochromatic wave with intensity I(w) is

P = 012(w)I(w)/hw, a saturation parameter of

_ QIPNQTQ

s egch?

(4.7)

is obtained, where p is the transition dipole moment, I,,(w) is the incident ‘pump’ laser
intensity and 7 is the relaxation time of the system, 1/(R; 4+ R2). As transitions are not
infinitely narrow, but instead homogeneously broadened by lifetime effects, Demotroder
[122] explains the frequency dependent saturation parameter, S, as an on resonance

saturation parameter, Sy, spread over a Lorentzian distribution;

eGP
S = ) + (2 4

where ~ is the relaxation rate within the system (typically the reciprocal of 7) and wq

is the frequency at resonance.

It is now useful to consider our radiation as a monochromatic wave propagating in the
z direction,
E = Ej cos(wt — kz), (4.9)

with k, the wave vector in the z direction. Having defined the principle of saturation for
an hypothetical stationary two level system we now consider our system as an array of
gas molecules, moving with velocities determined by a Maxwell-Boltzmann distribution.
Each molecule with a velocity component along the z axis, v,, will see the radiation at a

frequency Doppler shifted with respect to wy and thus have a Doppler shifted resonance
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frequency given by:
Wl = wo (1 + 1) . (4.10)
c

Were transitions to be infinitely narrow then this equation would be obeyed exactly,

however, due to the homogeneous linewidth of a transition this condition becomes
/ Uz
wh = (wo £7) <1i?>. (4.11)

The absorption cross section for a molecule with this velocity component is then a

Lorentzian: )
(v/2)
w —wo — kvz)? 4 (v/2)?

o12(w,v,) = O'0< (4.12)

where o is the unperturbed cross section at line centre of the molecular transition. If
the pump beam is strong enough that appreciable saturation occurs then population in
the ground state Nj(v,)dv, is decreased within the interval dv, = 7/k, and population
in the upper state Ny is similarly increased. Equations and then lead to the

following relations:

AN, So(v/2)?
Ni(w,v,) = Nio(vs) — 7170 [(w — _01535)2)4_ (%/2>2] , (4.13)
AN, So(v/2)?
NQ((A}?U?;) = NQO('Uz) + 727-0 |:(w . _Ok(jzz/);—’_ (75/2)2:| , (414)
2
AN(w,v,) = ANp(v,) [1 SO folizz/;)Jr (%/2)2} , (4.15)

Figure shows this effect for our case of a two-level system. Here the velocity selected
minimum in the velocity distribution of AN(v,) at v, = (w — wp)/k is called a Bennett

hole and has a homogenous width:
Ys =YV 1+ So. (4.16)
and a depth at hole centre (w = wgy + kv,)

ANo(v2) ~ AN(v2) = ANo(r:)- fOSO (4.17)

Whilst the population can thus be significantly changed, the a(w) profile is such that
the Bennett holes burnt into the velocity distribution cannot be observed by tuning
the saturating laser through the absorption profile. Instead, a congruous decrease in
absorption is seen at all velocities reducing the absorption profile by a factor of v/1 + Sy
such that:

a’(w)

a(w) = eSS (4.18)
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FIGURE 4.2: Velocity selective population transfer showing the Bennett hole and peak
in the populations of the lower and upper states (adapted from [122]).

with a®(w) the unsaturated absorption coefficient. It is however possible to detect the
perturbed populations with a second ‘probe’ laser beam tunable over the transition
lineshape. If the ‘pump’ beam has a wave vector k; and a fixed frequency of wy, and the
probe beam a wave vector of ks and a frequency of ws then the absorption coefficient
for the probe laser is

as(w,wn) = aP(w) [1 = —0 (/2" (4.19)

VI+ 80 (w—w)?+ (Is/2)? ]

This absorption coefficent then corresponds to an unsaturated Doppler profile a’(w)

with a saturation dip at the probe frequency, ws as is shown in Figure 4.3

k
we =w =wp+ (w — wo)k—; (4.20)

with + corresponding to co-propagating and — to counter-propagating beams.

The halfwidth Ty = v + s = 7[1 + (1 + Sp)'/?] of the observed dip then corresponds to
the sum of the saturated dip and the unsaturated homogenous absorption width, -, of

the system probed by the weak probe wave.

The two beams, ‘pump’ and ‘probe’, may be generated by separate lasers, but in a

special case a strong pump beam can be passed through a gas cell and retroreflected
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FIGURE 4.3: Observed dip in absorption coefficient of a Doppler broadened profile,
burned by a strong laser at wy and detected by a weak probe laser (From [122]).

such that it acts simultaneously as a probe beam. In this case both pump and probe
lasers are tuned simultaneously and, as their beams are counter-propagating, typically
interact with separate velocity subsets +v,. When the incident laser radiation is at the
central resonant frequency however, both the pump and probe beams will interact with

the same subset of molecules with no component of velocity in the z direction (Figure
1),
Mirror

Source | g, e 3 SRIN

\'A v,
«— <0 e 6

Detector

FIGURE 4.4: Schematic of a Lamb dip experiment. In this case molecules 1 and 2

will absorb at frequency, w, on the first pass, but are not in resonance on the return

journey when 6 and 7 instead absorb at this frequency. Only molecules 3, 4 and 5 with

no component of velocity in the direction of beam propagation will be in resonance in
both passes at wy (Adapted from [123]).

In this manner, the saturation is only probed at line centre and is observed as a Bennett-
hole, wy, referred to here as a Lamb-dip. In the case of approximately equally powered

beams the following absorption profile is observed:

(4.21)
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with
A = (w—wp)?+T? (4.22)
B = (w—wp)?+ (142512 (4.23)
and
7
L= (4.24)

This equation then yields a ratio of dip sizes of

as(wo) 1
(o) = Ao (4.25)

at line centre, and a Lamb dip width corresponding to vg. In the case of a weak

beam (Iprope << Ipump) an equation similar to is obtained but I'g is replaced with
§=(v+7s)/2 [[22].

Were the linewidth of the incident radiation infinitely narrow then these equations would
hold exactly true. However, this is not the case and instead the pump and probe fields
exist as an array of frequencies. For transitions in the MIR with anticipated spontaneous
emission lifetimes of the order of seconds it is this spread that will usually dominate the

observable dip width.

4.1.1 Experimental

Initial experiments were performed in the following manner: the Daylight Solutions
EC-QCL was passed through a 70 cm cell with BaFs windows and then retroreflected
such that the ‘probe’ beam overlapped with the ‘pump’ beam through the cell in a
counterpropagating manner but with an angle of separation large enough for the probe
beam to be separately collected c.a. 1 m from the cell onto a detector (VIGO-PVI-2TE-
6). This setup is in essence the schematic depicted in the previous section (Figure .
Later experiments were performed with a complete realignment of the experiment such
that a ‘probe’ beam of ~ 5% of the laser power was created with a CaFs beam splitter
immediately following the laser and passed across a different path from the ‘pump’ before

being overlapped through the cell as is shown in Figure

A typical Lamb-dip experiment would have allowed complete overlap of the two beams,
but the frequency instabilities caused by optical feedback into the EC-QCL made this
operation mode unfeasible. Even with this alignment frequency instabilities during the

scan caused by mechanical jitter in the cavity and low-frequency noise in the current
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FIGURE 4.5: Lamb-dip experimental setup. A CaF, flat was used in order to split
c.a. 5 % of the laser radiation from the main beam and this weak ‘probe’ beam then
overlapped with the strong ‘pump’ beam in a counterpropagating manner.

controller meant that the narrow dips were unobservable following any scope-based aver-
aging. As such, where mentioned a post-processing routine has been employed by which

individual scans were recentred and then averaged using a routine in MATLAB.

4.1.2 Results

Initial experiments were performed using approximately equal parts NO and lab air (36
mTorr and 37 mTorr, respectively); the laser scanned over the R(13.5) 1 transition of
NO at 1920.7 ecm ™! at a rate of 40 Hz. The result of 80 individual scans post-processed
and averaged is shown in Figure
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FIGURE 4.6: A Lamb dip spectrum taken using a retroreflected probe beam showing (a)
the R(13.5) transition with zoomed inset and (b) a Gaussian fit to the dip at 1920.7155

cm™!. A FWHM of 2.74+0.7 MHz, and a transition dipole moment of 2.3 x 102 D are
returned from this data.
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A global fit of the spectrum was performed by D Weidmann and returns a saturation
parameter of 0.25 corresponding to a transition dipole moment of 2.3 x 1072 D and
a dip width of 2.7 + 0.7 MHz. This value correllates to a direct measurement of the
laser linewidth, and along with the transition dipole moment is in good agreement with
previously measured values [86, 124H126]. The dip was found to be best fit with a
Gaussian profile as is shown in Figure [4.6(b) rather than the typical Lorentzian profile
of a laser, again mirroring findings in the literature [86] [125] [126], and most likely due

to injection current fluctuations.

After these initial experiments had been performed the setup was dismantled and re-
designed with the addition of a CaFy beam splitter to allow an improved degree of
overlap between the pump and probe beams. Leaks within the pressure system were
detected and removed such that data could be taken without lab air and at pressures of
NO down to 2 mTorr. A selection of typical data recentred and averaged for 100 scans
is shown in Figure [4.7] overlaid with a Lamb-dip global fit performed using Eqn [4.19]and
the fitting routine is included in Appendix [A]
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FIGURE 4.7: Lamb dip spectra of the R(13.5), transition at (a) 65 mTorr, (b) 25
mTorr, (¢) 10 mTorr and (d) 2 mTorr overlaid with a global fit and zoom upon the left
hand dip. The Lamb-dip size can clearly be seen to increase as pressure is decreased,
and at c.a. 10 mTorr the fitting routine can be seen to become unapplicable as it is no
longer capable of reproducing the depth of Lamb-dip observed experimentally.
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It is apparent that at high pressure we see Lamb dip spectra not unlike those observed
in Figure [4.6] but as the pressure within the system decreases, the size of the Lamb dip
drastically increases. This is a result that would be expected, as decreasing the pressure
within the system should increase the saturation parameter, .S. However, neither the
standing wave model in Equation[£.2T]nor the weak probe model in Equation [£.19|predict
dips of quite the size observed at the lowest pressure. As our probe is much weaker than
our pump then Equation [£.19should hold, and as such we would expect a maximum dip
of approximately 60% the size of the unsaturated peak before laser convolution. This is
clearly not the case for our experimental data, and below c.a. 10 mTorr the Lamb-dips

are not adequately fit by this model as is shown in Figures (c) and (d).

It is also of note that the dip in the R(13.5)%f transition at 1920.715 cm ™! is generally
deeper than the the other A doublet which is not reflected in the fit. This is due to the
assumption made here, and in the literature [124] that each of the doublets is a single
transition with equal intensity, whilst they are in fact split by hyperfine interactions
into three closely spaced transitions (> 1 MHz) as is discussed in Chapter The
splitting in transition frequencies is in fact slightly different for the two doublets and in
the transition at 1920.705 cm™! the separation is approximately three times bigger than
that in the transition at 1920.715 cm~! (0.9 MHz vs 0.27 MHz). This extra splitting
would thus provide additional convolution of the Lamb-dip, slightly altering its depth
and width. However, post laser convolution the difference in widths is well within error
and this, combined with a wish to not over-paramatise the fits, meant that a global fitting
routine was chosen. Finally, a degree of asymmetry is seen in the dip shapes themselves,
particularly at low pressure - an effect which may suggest that we are approaching a

rapid passage like regime.

Figure then shows the saturation parameters returned from global fits to a series of
spectra taken at pressures above 10 mTorr, alongside parameters predicted from known
quantities. It is here that an insight can be gained into the effect of changing the pressure
upon the saturation parameter. In particular it was found that whilst both transit time
and pressure broadening contributions were required to be added in quadrature in the ~
in Equation to produce reasonable fits to the global spectra, utilising the reciprocal
of this parameter as the 7 in S did not produce anywhere near the observed pressure
dependence. Instead it was found that a 7 consisting of only pressure broadening values
from HITRAN [1I] produced much closer agreement. This behaviour is in some manner
intuitive, as whilst transit time broadening can be expected to broaden an observed
spectrum, much like the Doppler effect, it should not have a direct effect upon the

actual saturation produced within the system.
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FIGURE 4.8: Saturation parameter as a function of pressure, showing both experimental
(black) and simulated (red) values. Good agreement can be seen between simulated
and experimental values, however at low pressure a significant deviation is seen.

This methodology produces a good degree of agreement between experiment and theory,
and at 67 mTorr a transition dipole moment of 1.9 x 1072 D is returned, in line with
both literature values and those measured previously in this chapter. However, as the
pressure of the system is reduced, the deviation between experiment and theory can be
seen to drastically increase and at 12 mTorr (the lowest pressure profile adequately fit
by a saturation parameter approximately 8x larger than the anticipated value is
returned, corresponding to a transition dipole moment of 4.5 x 102 D. This is far larger
than literature values, and may in part be due to the fact that the collisional relaxation
rates utilised here are taken from HITRAN [I] and are measured for a system in thermal
equilibrium. In our case however, as the level of saturation within the system increases,
the population in the first excited state will also increase, and relaxation rates between
the states and in particular Ry in Figure may begin to play a part. This contribution
is likely to be fairly limited however, and instead other more exotic forms of relaxation
need to be considered. In particular the manifestation of extra dip depth is believed to
be due to the production of coherence effects and so called cross-over resonances, which

are neglected in Demtroder’s derivation and are discussed in the following section.

4.1.3 Cross-Over Resonances

If two molecular transitions share either a common upper or lower state, and their
observed transitions overlap within their Doppler widths then extra resonances are ap-

parent in the Lamb-dip spectra. This effect was first observed by Uzgris et al [127] and is
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in fact fairly common, largely due to the prevalence of hyperfine structure in molecular

spectra.

In this case we shall consider a V-shaped resonance with a shared lower state and
resonant frequencies wi and wsy, but a A-shaped system would produce similar results.
When these two transitions are separated outside their Doppler widths then as the pump
laser scans through the transitions from high negative to high positive velocity the probe

laser simultaneously scans through the same transitions in the other direction as is shown
in Figure [£.9]

In Figure (b) the two transitions are shown behaving as if they are completely inde-
pendent, and we would expect to observe two separate transitions with Lamb-dips in
their centres. However, once the Doppler widths of the two transitions overlap then this
isolated picture is no longer true and at a mean frequency, (w; + w2)/2, the pump laser
is saturating a high velocity w; group and a low velocity wy group simultaneously as is
shown in Figure |4.9(a). As both of these transitions share a common ground state this
means that at the average velocity the subsets vy &= dv,.,g are pumped simultaneously,
whilst at the same time being probed in the opposing transition. Thus, an extra dip is
seen in the observed spectra with an intensity equal to the square root of the individual
transition probabilities [122] (Figure [£.9(c)).

In the case of a shared ground state then a decreased population in this state means
that an extra dip is seen, however in the case of a shared upper state then both waves
contribute to an increase in that population and a peak should be observed at the central
frequency. Although these extra transitions can complicate Lamb-dip spectra they can

also assist in the assignment of spectra of a series of unknown transitions.

Figure shows a spectrum of the R(1.5) 1 transition of 8 mTorr of NO alongside the
HITRAN positions and linestrengths (red) and the anticipated positions of cross-over
transitions (cyan). It is apparent that in this case individual hyperfine components are
easily observable as Lamb-dips, all with a FWHM of approximately 2 MHz. Further,
extra cross-over resonances are clearly observable at the mid-points between transitions
with shared upper or lower states as marked out by cyan lines. Figure (b) shows a
Doppler subtracted spectrum of the R(1.5) 1e transition, again with the HITRAN line
positions and predicted cross-over resonances. The composite feature at 1884.2938 cm ™!

is actually four cross-over resonances due to shared F' = 1.5 and 2.5 components in either

the ground and excited state.
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FIGURE 4.9: When two transitions are within each other’s Doppler widths and share a

lower state an extra resonance dip appears as is demonstrated here. As the pump laser

scans from low velocity to high velocity (with respect to beam propagation) the probe

laser scans through the same transition in the other direction and dips are only seen at

the central frequency. When the transitions overlap however, an extra dip is observed
in the probe spectrum at the mean frequency.




Chapter 4. Non-Linear Spectroscopy with a cw EC-QCL 83

Returning now to a consideration of the increased size of the Lamb dip observed in our
R(13.5) 1 NO spectra, it is noted that there are no directly shared states from which we
could expect cross-over resonances at the central frequency. However, both the upper
and lower states are hyperfine split by a magnitude < 1 MHz, so will simultaneously be
excited within the linewidth of the laser. In such cases, cross-over type resonances should
not occur but these resonances can become coupled [128{130] by angular momentum
changing collisions, and as a result behave in a very similar manner to that of cross-
over resonances. Specifically, as population is redistributed rapidly between these states
then coupled resonance type behaviour is expected and additional dip intensity could

be observed at the central wavelength frequency. Further evidence of a cross-over-type
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FIGURE 4.10: Lamb dip spectrum of R(1.5)% transition of 8 mTorr of NO. Showing (a)

the entire transition and (b) a Doppler subtracted spectrum of the e peak at 1884.293

ecm~!. Also displayed are the HITRAN data for the positions and linestrengths of the

hyperfine split transitions (red), and the positions of anticipated cross-over peaks (cyan)

between the AF = +1 around 1884.293 cm ™' and the weaker AF = 0 transitions at
1884.2942/3 cm ™1,
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F1GURE 4.11: Displacement of R(13.5)% Lamb-dip from the broad absorption Gaussian
centre.
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effect in our J = 13.5 spectra is shown in Figure where the position of the Lamb
dips with respect to the broad underlying absorption can be seen to change as a function
of pressure. This is an effect known to occur in cross over resonances and is explained
in third order perturbation theory [I31]. It is of note here also that the shift in position
only becomes apparent below 10 mTorr, the point below which the fitting routine is no

longer applicable.

4.1.4 Power Effects

The extra amplitude observed in the R(13.5) 1 dips at low pressures means that meaning-
ful saturation parameters cannot be gained from low pressure data, however the widths
of the dips remain consistent with the high pressure values. Thus, in order to investigate
the linewidth of the laser as a function of power, low pressure data has been used due

to the higher contrast especially for the lower pump powers.
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FIGURE 4.12: The effect of changing the saturating power upon (a) the dip height
ratio given by (g — ag)/ap and (b) the dip width. It is apparent here that changing
the saturating power increases the size of the dip.

Two methods were used to attenuate the power of the pump beam. Firstly, a wire grid
polariser was utilised immediately after the laser and measurements taken with both 5
and 10 mTorr of NO (Figure [4.12)). It is clear from Figure [.12|(a) that as the saturating
power increases so does the magnitude of the dip, as would be expected (S o I,,).
However, as the model given by does not appear to hold at these low pressures,
simulations are unable to produce any meaningful information from these curves. It can
also be seen in Figure (b) that the laser linewidth is invariant to the incident pump
power within error, however the same is not true when we consider the Lamb-dips taken

whilst the power is altered through the injection current to the laser (Figure [4.13]).
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FIGURE 4.13: Observed laser linewidth as a function of applied current.

It is clear here that far from threshold current (I;,) the observed laser linewidth is
constant at c.a. 2 MHz, but that as the current and thus power is reduced, the observed
linewidth significantly increases. This is a well known effect and one which is described
thoroughly by Yamanishi et al [16] in a paper discussing the intrinsic linewidth of QCLs.
The following section describes their work and investigates the linewidth of our laser in

more depth.

4.1.5 Linewidth

Before the first laser was experimentally demonstrated, Schawlow and Townes had
produced their now famous formula describing the fundamental limit upon a laser’s
linewidth [I32], but it was not until 1982 [I33] that this formula was formally adapted

to diode lasers with the Henry linewidth enhancement factor, a.:

vghwaamnsp

p 1+ a?) (4.26)

ow =

where v, is the group velocity of the electrons, a the cavity losses, a,, the mirror
losses, g, the spontaneous emission factor and P, the output power. a. accounts for
refractive index variations caused by fluctuations in the electron density throughout the
gain material, an effect which has typically widened traditional diode laser linewidths
but which in QCLs is close to zero, as refractive index variations are negligible at the

peak of the gain spectrum [111, 134} 135].
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In a paper by Yamanishi et al [16] this equation was reformulated to become a function
of the rate processes occurring within a three level QCL (Figure [4.14)).
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N=N. Y | —
1

FIGURE 4.14: Three level model and rate processes utilised in this linewidth model.
The assumption is made that all three level systems within the gain medium are equiv-
alent. (From [16])

Here N; corresponds to the electron population in each of the states, P corresponds to
the rate of influx and outflow of photons from the laser system, 1 to the coupling into
the level 3 and the 7’s correspond to the time constants of relaxation. It should be noted
that only 7, corresponds to a radiative process and all other time constants 7;; refer to

phonon assisted relaxation between the levels ¢ and j. The linewidth equation is then:

N3 (hw)’y]%hoton
(N3 — No)i,  Pipt

dw = (1/47)Fg (1+a?) (4.27)
where Fp is a factor due to spontaneous emission enhancement caused by a single pass
gain of spontaneous emission, and is assumed to be 1, Ypnoton is the photon decay rate,
Pint = Yphoton(hw) Nphoton is the internal power and Nppoton is the photon population.
By considering only the case above threshold this then becomes:

S i Befr “YphotonTlsp

1
w= - [(Io/Im— ) —i—e} (1+a2), (4.28)

with:
TOIT:

ey (Ti ngl), (4.29)
where 7;; corresponds to the the reciprocal of 7;;, the relaxation rate between two levels 4
and j, i is the upper level injection efficiency, I, and I, are the operating and threshold
currents, and Beg is the effective coupling of the spontaneous emission given by the
ratio of the spontaneous emission rate coupled into the lasing mode, (5/7,), to the total
relaxation rate, (1/73), where [ is the coupling efficiency of spontaneous emission into a

single laser mode.
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It is of note that this equation is not completely applicable to EC lasers, where the losses
involved within the system [130] (and thus largely included within « and a,,) are also
tempered by the mirror and grating reflectivities as well as the coupling of light from
the diode into the cavity. As there is no information regarding the performance of the
external cavity in the Daylight system we have presumed the losses to be equal to those

of a bare diode.
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F1GURE 4.15: Width of the Lamb-dip as a function of injection current. The constants
returned from the fit are ny, = 1.1781, Bepr = 1 x 1076, 791 = 0.32 ps, 731 = 2.0 ps,
~v=1.0 x 10'2 Hz, 7,=4.6 ps and = 0.612.

In this manner, the laser linewidth can be related to the ratio of the operating current
to the threshold current with all other parameters fixed and dependent only upon laser
design. Unfortunately, as our laser system is commercially produced, we have little
information about the exact constants for our specific laser, including the level of losses.
However, a range of reasonable values for QCLs are given in the literature [16] [86] and
using these as limiting values added in quadrature with a baseline noise level of c.a. 2

MHz allows the performance of a least-squares fit as is shown in Figure [£.15]

The constants returned from this fit are detailed above, and these imply an ‘inherent’
linewidth of 200 kHz were current noise not the dominating factor. These values are
consistent with literature where theoretical calculations, and more recently experimental
data [86] have shown that the inherent QCL linewidth can in fact be very narrow, and

sub kHz values have been reported at optimal conditions.



Chapter 4. Non-Linear Spectroscopy with a cw EC-QCL 88

TABLE 4.1: The constants returned from the fit shown in Figure m alongside the
ranges of these constants as appeared have in the literature from [16) [86].

Nsp 5eff T21 T31
Literature Range 1-1.2 1x1078-1x107° 0.15-0.35 ps 1.8-4.5 ps
Fitted Value 1.178 1x 1076 0.32 ps 2.0 ps
Y Tt n
Literature Range 1.2 x 10*!-2 x 10'2 Hz 4.3-8.7 ps 0.6-0.8
Fitted Value 1.0 x 10'2 Hz 4.6 ps 0.612
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FIGURE 4.16: Width of Lamb-dip as a function of scanning frequency for fast scan
rates. Interpolation of linear fit to baseline returns a y-axis crossing of 2.5 MHz in
reasonable agreement with our slow scan data.

Evidence that 2 MHz is not the limiting linewidth of our laser is further shown in Figure
4.16,, where the laser was scanned using direct modulation of the injection current with a
1V sine wave at a range of frequencies. It can be seen that increasing the scan frequency
decreases the width of the observed dip. This shows that the observed laser bandwidth
is decreased as a function of interaction time, down to 1.3 MHz at 30 kHz scan rate
when the bandwidth of the detector became the limiting factor. This behaviour implies
a low frequency noise source causing additional broadening at long observation times.
It should be noted that in this case the scanning range was limited such that our Ge
etalon FSR was too large to provide useful frequency scale data, instead the frequency
scan rate was calibrated using the width of a single A-doublet, explaining the larger
than usual error bars. Also plotted in Figure [4.16]is a straight line through the observed
data points. A linear fit is not theoretically implied in the literature but the data is well

fit and when interpolated to the y-axis gives a crossing value of c.a. 2.5 MHz consistent
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with our ‘slow’ data.

4.1.6 High-Resolution Spectroscopy

One final reason that Lamb-dip spectroscopy is performed is in order to obtain spectra
of molecules with resolution smaller than the Doppler width. One example of such infor-
mation has been shown for the R(1.5) 1 transition of NO in Section demonstrating
the ability to not only determine the position of the hyperfine transitions but also assign
those transitions through the use of cross-over resonances. Further to this, the Lamb-dip
spectrum of the unresolved R(13.5)% A-doublet of NO is shown in Figure W(a) for 5
mTorr, and here a splitting of 80.0 £7.2 MHz is clearly apparent in good agreement

with literature [I].
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FIGURE 4.17: Lamb-dip spectra of (a) the R(13.5) s transition of 5 mTorr of NO and (b)

the P(1) transition of c.a. 50 mTorr of D"Br. Shown is the maximal dip size achieved,
and as such there was insufficient contrast for hyperfine splitting determination in DBr.

It is notable that the extra resolution achieved using this methodology would have been
useful for determining the DBr spectral constants measured in Chapter [3| however the
absorption cross-sections for DBr are approximately 100 times smaller than those of NO,
and as such, higher pressures were required for appreciable absorption. Higher pressure
however lead to an increased collision rate, and as a result negligible contrast between
dip and unsaturated absorption is observed as is shown in Figure [4.17(b) for 100 mTorr

of DBr (isotope mixture c.a. 1:1).

4.2 Sub-Doppler Polarisation Spectroscopy

Whilst saturation spectroscopy, and in particular Lamb-dip spectroscopy, interrogates

the change in absorption induced by a pump beam upon a probe beam, polarisation
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spectroscopy detects a polarisation change induced in the probe beam by a polarised

pump beam.

The principle of polarisation spectroscopy can be understood from Figure When
a beam of infrared radiation excites a ro-vibrational transition then along with the
change of J there is also a change in the projection of J along the axis of electric field
propagation, M. For a linearly polarised beam the selection rule is then AM = 0,41,
and in fact linearly polarised light can be thought of as a superposition of two circularly
polarised light beams o' and o~ each of which has the specific selection rule AM = +1
and AM = —1 respectively. If a single circularly polarised beam is used to pump the
system, say o1, then AM = +1 and the spatial distribution of angular momentum will
become anisotropic, as some M levels will not be populated (or not be depopulated
depending upon the spectral branch). This behaviour is shown in Figure for an
R(1) transition.

M= -2 -1 0 +1 +2

S © J =2

AM =+1

J =1
M= -1 0 +1

FIGURE 4.18: Schematic showing the effect of a ¢ beam acting upon an R(1) transi-

tion. The imposed selection rule is AM = +1 and it is apparent that in this case there

will be a deficit of population in the M < 0 states and as such the system becomes
partially oriented as the £M states have different populations.

When this sample is then interrogated by a second, linearly polarised beam this spatial
anisotropy is observed as a birefringence within the sample causing the plane of polarisa-
tion to rotate. If an experiment is set up in a similar manner to that used in Section
with a A/4 waveplate in the the pump beam, then the pump beam becomes circularly
polarised and the linearly polarised probe beam will detect any anisotropy only at line
centre (Figure . In this setup, a polariser placed before the final detector allows
selectivity of the the polarisation of light incident upon the detector, and thus allows

the degree of birefringence to be measured.

More quantitatively, in a hybrid of Demtréder’s formalism [122] and the work presented
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by Bartalini et al. [I37], when a linearly polarised probe wave E = Eye'“*=%2) propa-
gates along the z axis, its circularly polarised constituents can be described as:
. 1
Et =Ef itk gt = 5 Fo(@ + i) (4.30)
. _ 1
E~ =Fye'Wk 2, pr = 5 Pl —iy), (4.31)

where  and y are unit vectors in the x and y directions. When the probe beam passes
through a sample within which anisotropy has been induced using a strong circularly
polarised pump laser, then the two components of the probe will experience different
absorption coefficients a™ and a~, and refractive index n™ and n~ such that after a

path length, L:

Et = Ea— ei(wt7k+L+i(a+/2)L) (432)
E- = EO_ ei(wtfk_Lﬁ’i(Oé_/Q)L)' (433)
These two components sum to give an overall elliptically polarised beam, which when

allowing for birefringence Ab, and dichroism Ab; within cell windows of thickness d is

expressed as:

E(z=L) = EtY+E~ (4.34)
= %EO e“lexp {—i[w(nL + b,)/c —iaL/2 — Ab;/2]}
(@ +iy)e ™ + (2 —iy)et]. (4.35)

where n and « are the mean values of the respective properties for the o™ and o~ waves,

and ®, is the phase factor:

w S LAa Aoy,
with
An = nt—n (4.37)
Aa = ot —a” (4.38)
Aay, = af —ay (4.39)
Ab, = b —b.. (4.40)

As was the case for saturation spectroscopy, there will be an array of molecules that

interact with the pump and probe beams simultaneously around wg, and the change in
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absorption will be a Lorentzian;

(%)
A« Aa . 4.41
(w) = Aag (5) + (0 —o)? (4.41)

The refractive indices and absorption coefficients are related by the Kramers-Kronig

dispersion relation [I38], which leads to

An= £ Agg— LW =w0) (4.42)

and consequently a phase factor of:

L (w —wp)
AagL 2 + AY,
( T3 - )
[ AagL (3)° >
—+1 + Ab;
< 2 (%) + (w—wo)?

If the polariser before the detector is uncrossed by an angle 6 from the y axis then the

1

d = -
2

(4.43)

transmitted electric field is given by:
E; = E;sinf + Eycosb, (4.44)

which is then used in I; = ceo| E|? to calculate the observed lineshape. Typically, this
is considered for small angles of uncrossing (# < 1), however it is also solvable for the

more general case as:
I = 2Ipe oL [€ + |sind cos® + cosO sin®|?] (4.45)

where £ is equal to the transmission at 8 = 0, and is a function of the polarisers used,

and the factor Ipe~™*L represents the saturated absorption spectrum.

Polarisation spectroscopy has the potential to be significantly more sensitive than satu-
ration spectroscopy as the crossing angles between the polarisers can be fairly small, and
in this manner only light which has had its axis of polarisation rotated will be detected,
as opposed to saturation spectroscopy, where the full intensity of the probe must be
detected.

4.2.1 Experimental

The setup used in this experiment is shown in Figure and is fairly similar to that

used in the Lamb-dip experiment, except for the addition of a tunable A/4 waveplate
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(ALTECHNA PO-TWP-L4-25-UVIR) after the probe beam is separated from the pump,
and crossed MgFy Rochon polarisers (ALPHALAS PO-RO-8-MGF) with an extinction
coefficient of 10~° placed both directly after the laser and immediately before the detec-
tor. The polarisation component of the beam rejected by the polariser was emitted at a

separation angle of 1.8° from the main beam and was removed with the use of irises.

GAS INLET
l Detector
Circular Péessure Rochon .
'Pump' beam auge Polans% |s
/ ] 1 \ |
1 —
/ BaF, | |
windows + _— M4-waveplate
TO +
PUMP
S /Can Flat
Beam /
Dump Linear
'Probe’ beam
== lrs

EC-QCL

FIGURE 4.19: Experimental setup employed for polarisation spectroscopy.

The A\/4 waveplate required angle tuning for optimal operation at this wavelength, and
this was performed by passing the beam through the waveplate and then returning it
along the same path. A wire grid polariser was then set to allow only vertically po-
larised light through, and the angle of the waveplate tuned such that maximum signal
was observed. In this manner, as the horizontally polarised light first passes through
the waveplate it becomes circularly polarised. When the light is retroreflected the di-
rection of polarisation rotation is reversed (o to o~ or vice-versa), and the waveplate
then further rotates the polarisation into the vertical plane. Thus, by minimising the
signal incident upon the detector the degree of circular polarisation was optimised. This
polarisation was again checked and readjusted in the far field at the position of the cell

in order to correct for any depolarisation caused by the intervening mirrors.

4.2.2 Results

Initially experiments were performed analogous to Lamb-dip with the addition of a A/4
waveplate and polarisers uncrossed, such that § = 90°, and it was through maximisation

of the dip size that the optimal beam overlap was determined. Once again the R(13.5)

1
2
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transition was chosen, and Figure shows the effect of left and right circularly po-
larised probe beams with 12.5 mTorr of NO. The dispersion signal can be clearly seen
to change sign as the selection rule of the transition is reversed and the system oriented

with or against the direction of pump beam propagation.
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FIGURE 4.20: Polarisation spectrum of R(13.5)% transition of NO with left and right
circularly polarised pump beam detected by a linear probe with an uncrossing angle of
20°. o™ data is offset for clarity.

The polariser angle was then adjusted as is shown in Figure [£.2I)(a) for polarisation
spectra of 15 mTorr of NO at a selection of crossing angles, with simulations overlaid
in Figure [4.21|b). It should be noted that the data in Figure [1.21b) is offset in the
y-direction for clarity. As this simulation is performed for qualitative rather than quan-
titative agreement, the laser linewidth was accounted for by replacing ~vg with a value
of 2 MHz [I37]. A saturation parameter of 0.5 was also utilised, slightly lower than the

measured value Lamb-dip value in order to account for losses from the waveplate.

A few things are apparent here - experiments with § = 90° show a dip which is sig-
nificantly smaller than equivalent Lamb-dip experiments, a result that is expected as
not only is the power slightly decreased, the pump and probe beams are of different
polarisations, and as such interact with slightly different subsets of molecules. Secondly,
the expected polarisation spectroscopy behaviour can be observed as the angle of the
polariser is changed towards crossing (6 = 0). Here the dispersive profile at line centre

becomes increasingly apparent whilst the ‘normal’ absorption signal decreases. As with
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FI1GURE 4.21: The polarisation signals of NO as a function of uncrossing angle, 6. As 6
is decreased the dip become observably less symmetric as the dispersion signal become
dominant.

the Lamb-dip data in Section this data has once again been recentred and aver-
aged for 100 scans. The dispersive signal apparent in the polarisation signals should in
fact completely disappear at § = 0 [I37] and a purely Lorentzian profile be returned.
However, even realigning using the signal from the pump beam did not produce enough

contrast for signal to be observed below 6 = 10°.
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FIGURE 4.22: The percentage amplitude of polarisation signal as a function of pressure.

As the pressure of the system was reduced, the degree of collisional dephasing decreases,

increasing the degree of saturation. This in turn increases the degree of alignment within
the system and thus the size of the observed signal.

Figure shows the effect of pressure upon polarisation spectroscopy signal. The
uncrossing angle was held at 20° and the results show increased polarisation signal
percentage as the pressure is lowered as would be expected, up to a maximal value of

65 % at the lowest pressure (2.5 mTorr).
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We desire to keep the uncrossing angle, # small so that the dispersive signal is domi-
nant, but these small signals produce a small overall signal size, and whilst increasing 6
increases the dispersion signal, it further increases the size of the background saturated
absorption which overrides the polarisation effects. It is possible to further increase the
sensitivity of this technique by the addition of quadrature detection where both polar-
isation components are collected and both signals used to produce a background-free
signal [139], but even this technique only provides a relatively small enhancement upon

straight saturation spectroscopy [137].

A further use of polarisation spectroscopy is that the narrow lineshape and steep gradient
at line centre provides an ideal frequency locking signal. That is, as the laser moves
away from direct resonance a fast increase or decrease in amplitude is observed and this
signal, conditioned for the specific laser, is an ideal correction signal to the injection
current. In this manner a laser can be ‘locked’ to a particular frequency, and time
averaged bandwidth reduced. The possibility of such a locking system for this laser was
investigated, but the band pass electronics within the current modulation input make

this untenable.

4.3 Conclusion

In this chapter work has been performed using sub-Doppler spectroscopic techniques.
Lamb-dip spectroscopy has been performed, and dips greater than those expected from
simple theory have been observed. The possible reasons for this behaviour have been
discussed, and whilst determination of the saturation parameter is made impossible in
the low pressure limit, at high pressure, coherent effects are minimised and a satura-
tion parameter of 0.25 has been observed. This corresponds to approximately 20 % of
population promoted to the excited state and is consistent with literature values of the
transition dipole moment. The first direct measurement of the linewidth of an EC-QCL
has been performed returning a value of c.a. 2.5 MHz in agreement with values found
for DFB QCLs, and this value further investigated as a function of injection current
and laser scan rate. Sub-Doppler polarisation spectroscopy has also been performed,
independently confirming the observed laser linewidth. Collectively, these experiments
have demonstrated the high-power and low-bandwidth nature of EC-QCLs and their
applicability to high resolution spectroscopy, as well as hinting towards their use as an

optical pump source, something which is further investigated in the next chapter.



Chapter 5

Pump-Probe Spectroscopy with
cw QCLs

The desirability of preparing a sample such that an appreciable fraction of molecules are
in an excited state has already been discussed. Population transfer mechanisms with a
single laser were considered in Chapter 2] and Chapter 4] was concerned with saturation
and polarisation spectroscopy, whereby population transfer was probed as a velocity
selected Lamb-dip in the ground state, and a velocity selected anisotropy in the sample,
respectively. This chapter presents work whereby the saturation induced by the high
powered EC-QCL acting upon the fundamental rovibrational band of NO is probed in
the first vibrationally excited state by a weak DFB QCL tuned to a transition in the
first hot band.

5.1 Experimental

In this chapter a similar methodology is applied to that in Chapter 4] but whilst in
Chapter [4|the strong pump beam and weak probe beam were produced by the same laser
and tuned simultaneously, here these two beams are produced and tuned independently.
Specifically, the EC-QCL is overlapped in a counterpropagating manner to the Alpes
5 pm DFB QCL. The pump beam was detected by a VIGO PVI-2TE-6 after attenuation
to prevent saturation of the detector, whilst the probe beam was focused onto a VIGO
PVMI-3TE-10.6 detector using an off-axis parabolic mirror with a focal length of 15 cm.
Figure shows the basis of the setup used, but omits extra mirrors used to extend the

path length and thus allow improved overlap.
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FIGURE 5.1: Schematic of the experimental setup used for pump-probe spectroscopy.

The pump laser was scanned primarily by using its piezo tuning at a rate between 5
and 100 Hz and over a range of approximately 1 GHz, and where mentioned by direct
current modulation between 10 and 250 kHz over ~ 500 MHz. The probe laser by
contrast was scanned at rates of 1 kHz to 300 kHz over c.a. 3 GHz and ILX Lightwave
temperature and current controllers (LDT-5545B and LDX-3232) were utilised for its
operation. Whilst scanning, the scope was set to trigger with the EC-QCL scan and the

multitude of DFB QCL scans over the course of the slow scan stored for later analysis.
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F1GURE 5.2: NO hot band transition line positions overlaid upon Alpes Laser specifi-

cations of power output as a function of wavenumber.

The lasers were initially tuned to transitions in a ladder configuration, with the pump

laser upon a transition in the fundamental vibrational band of NO (v = 1 < 0) and the
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probe laser upon a transition in the first hot band (v = 2 <— 1). The tuning range of
the probe laser was the primary limiting factor upon the exact transitions chosen, and
Figure shows the positions of NO hot band transitions overlaid upon the Alpes Laser

specifications of its power as a function of wavenumber.

Ideally, a transition would be chosen at the highest power output so as to attempt to
increase the sensitivity of our measurements. However, the cooling system in place in our
mount is unable to reach temperatures below —18°C whilst the laser is running, which
limits the choice to the P(7.5) and P(6.5) doublets. The P(7.5)% transition was thus
chosen as the primary transition of interest as it would provide results at the highest
possible power. The EC-QCL in turn behaves far better above ~ 1875 cm™! and as
such the R(6.5)%

configuration shown in Figure [5.3

transition was chosen as the bottom half of the ladder providing the

=1,J=6.5
1822.3 cm’”’ A v ’

AVAVAV o

1900.1 cm’

v=0,J=6.5

FIGURE 5.3: Schematic of the ladder configuration of NO states used in this pump-

probe experiment. The EC-QCL first pumps the R(6.5) 1 transition in the fundamental

vibration band at 1900.1 cm™! and the probe DFB-QCL then probes the population
in the excited state on the P(7.5).1 transition in the first hot band at 1822.3 cm™!.

1
2

5.2 Results

Having selected a set of transitions the pump and probe QCLs were set to tune over the
relevant wavelength regions at 40 Hz and 50 kHz respectively. The cell was then filled
with 100 mTorr of NO and the resulting signals are shown in Figure [5.4

It can be clearly seen that when the pump laser is off resonance there is no observable
signal in the probe scan (Figure [5.4(b)), but that when the pump laser is on resonance
a somewhat complicated signal appears (Figure (c)), composed of two constituent
parts and shown more clearly in Figure A broad absorption is seen, similar to

that which would be expected when interrogating a thermally equilibrated sample, and
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FIGURE 5.4: Example spectra taken from pump (red) and probe (black) beams as

lasers are scanned over the R(6.5) transition in the fundamental band and the P(7.5),

transition in the first hot band, respectively. (a) shows the signals recorded from both

detectors simultaneously (the probe signal appears to be featureless due to the rapid

repetition rate of the triangular scans), whilst (b) shows no visible absorption of the

probe laser when the pump beam is off resonance and (c) shows the absorption apparent
when the pump is on resonance.
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overlaid upon that, a much narrower signal followed by a series of transient oscillations.
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FIGURE 5.5: Absorption spectrum of the observed hot band P(7.5) 1 transition in
Figure [5.4c). The broad outline of a thermalised distribution is seen with a much
narrower sharp peak observed followed by a series of transient oscillations.

The origin of these two effects is clearly optical pumping, but in order to gain a proper
understanding of the processes occurring here it is useful to initially consider them

separately.

5.2.1 Thermalised Signal

The broad absorption here corresponds not to an instantaneous population transfer but
instead to an apparently equilibrated excited population produced cumulatively over the
course of a pump laser scan. This population appears to be entirely thermalised as not
only is the signal well fit by a Gaussian with a width of 126 £5 MHz in good agreement
with the expected Doppler width at 300 K (124 MHz), but also that approximately equal
population is seen in both A-doublets suggesting rapid equilibration between symmetry

states.

This thermalisation is also apparent when transferring the pump laser from the R(6.5)1

2

transition to an adjacent 2 = % state whilst still probing the R(7.5)1 as is shown in
2

Figure [5.6] for 100 mTorr of NO. As there is no longer a direct excitation intov =1, J =

7.5 there is no sharp resonance in this state and instead only the broader Gaussian
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resonance is observed with a width 121 £ 13 MHz and an amplitude approximately
equivalent to that seen in Figure This signal is also apparent when J states further
afield are pumped, and perhaps more surprisingly even when molecules in the ) = %

spin-orbit state are interrogated by the pump laser.
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FIGURE 5.6: Absorption spectrum of the P(7.5) 1 hot band resonance observed when

EC-QCL frequency is changed such that R(7.5) 1 in the fundamental vibration band is
pumped.

J-J relaxation rates in the first vibrationally excited state of NO do not appear in the
literature, however studies by Islam et al upon v = 2 [140] have shown that relaxation
rates in that state are incredibly fast (lifetimes of the order of 1 ps at 100 mTorr) and
there is little reason to expect them to differ substantially in v = 1. The relaxation of

vibrational energy is anticipated to occur primarily through V-T collisional processes:
NO(v =1) + NO — NO(v = 0) + NO (5.1)

and the rate constant for this at 300 K is 2.5 x 10% s~! Torr~! [I41], corresponding to
a vibrational lifetime of c.a. 4 ms at these pressures, much longer than the timescale of
rotational transfer. It is thus anticipated that a thermal equilibrium would be reached

within v = 1 before any significant collisional decay of the vibrational population occurs.

An attempt was made to measure the rate of relaxation into v = 1, J = 7.5 from other
states. This was performed by fixing the current applied to the probe laser, such that it
was providing fixed frequency radiation within the P(7.5) 1 transition, and scanning the
pump laser over a ground state transition. This procedure is demonstrated in Figure
5.8 where the probe laser is at a fixed frequency within the P(7.5) 1 transition and the

pump laser is tuned through the R(7.5)1. Here there is no direct connection of the two
2
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states but the excited population is still observed in the pump signal as the population
is pumped into v = 1, J = 8.5 and then cascades into J = 7.5 (Figure [5.8]).
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FIGURE 5.7: Delay between pump and probe signal whilst pumping the R(7.5)1 state.

and probing the P(7.5)1 transition at a constant frequency.

1
2

Figure [5.6| shows the accumulated data for a number of transitions alongside the relax-
ation periods for the same J from reference [140]. In this paper individual Q = % — %
relaxation rates were not measured, however a sum of relaxation rates into {2 = % was,
and found to be at most a factor of 5 smaller than the sum of the % — % rates, and as
such these inferred values are further displayed in the figure.
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FI1GURE 5.8: Measured values for the delay between pump and probe signals compared
with relaxation periods from [140].
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It is clear from Figure that whilst a delay is consistently seen between these two
signals, and whilst this delay is consistently longer for transfer from a 2 = % state versus
transfer within Q = %, the noise due to long term drift in the current and temperature
controllers of both lasers means that accurate measurements are not possible. It should
be noted that this experiment measures the cumulative population in v = 1 and as such
we would not expect the values to be precisely the same as those in [140], but similar
trends would be expected. In theory, the addition of a fast radiation shut-off such as an
acousto-optical modulator would allow a more accurate measurement of these values as
the rising or falling population could then be directly measured. In our case however,
no such fast amplitude switch was possible and therefore more accurate measurements

could not be made.

Accurate measurement of the area of the broad absorptions produced when scanning
was however possible and at 100 mTorr of NO an area was detected of c.a. 25x larger
than would be anticipated in a room temperature sample without optical pumping,
regardless of the transition used to excite population to the upper state. This fact,
combined with both the Doppler width and the rotational relaxation rates suggest that
complete thermalisation is occurring in v = 1. Thus, we consider a statistical spread of
energy within the vibrational level, and from the absorption signal predict that 16% of
the population from v = 0, J = 6.5 is transferred to the v =1, J = 7.5. A value in good
agreement with a saturation parameter of 0.5, of the order anticipated from the Lamb

dip studies in Chapter

5.2.2 Narrow Resonance

The narrow resonance here by contrast is a transient effect, appearing at very specific
positions within the broad resonance, and is in fact a Bennett peak as seen in Section
due to the instantaneous population transfer into v = 1. The pump laser in this
experiment is scanning at 40 Hz, and the probe laser at 50 kHz. The three orders of
magnitude difference in scan rate means that on the timescale of a probe laser scan,
the pump laser can be considered as essentially a fixed frequency radiation source. It is
thus observed that when the probe laser comes into resonance with the specific velocity
component simultaneously pumped by the EC-QCL a sharp peak is observed. This
effect is further demonstrated in Figure [5.9]

Here we can see that as the pump laser sweeps from high to low wavenumber, different
velocity components are excited into v = 1. Thus, probing velocity components in the
ground state aligned with and against the direction of probe beam propagation leads to

sharp features on either side of the broad hot band resonance. Whilst it may appear
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FIGURE 5.9: Observed off-resonance Pump-Probe resonances showing (a) Pump signal,
(b) probe signal before line centre in time and (c) probe signal after line centre in time.
The effect of pumping different velocity components is apparent.

that the population is transferred from one A-doublet to the other it is merely that the
order of e and f components of the transition switches from the fundamental to the
first hot band. It is further notable that the magnitude of absorption here is decreased
slightly from that in Figure [5.5] as there is a decreased velocity resolved population in

the ground state to be excited.

If the total pressure of NO in the sample is decreased, then the broad absorption di-
minishes whilst the sharp spike increases slightly in amplitude before decreasing also.
This behaviour is shown in Figure [5.10| and is clearly understandable as decreasing
the population decreases the number of population-scattering collisions thermalising the
population in the excited state, as well as increasing the saturation parameter, S through
its contribution to the relaxation within the system. Finally, as the population continues
to decrease there are clearly fewer species to interact with leading to a decrease in the

total number of molecules excited.
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FIGURE 5.10: The evolution of the pump-probe signal as a function of pressure showing
spectra of (a) 8 mTorr, (b) 20 mTorr, (¢) 70 mTorr of NO and (d) the evolution of the
size of the sharp peak (in absorbance).

The form of the observed Bennett peak is perhaps surprising. The oscillations observed
here are not anticipated and in order to fully understand the processes occurring the
effect of variables such as power and pressure needed to be explored. The oscillations

were thus fit with the functional form:

A(t) = Age™/Taampsin [(at + B)1] (5.2)
as is shown in Figure with A the amplitude, 74qm, the decay period, and (at + 3)

the frequency of oscillation.

Initially, it may be thought that the oscillations could correspond to Rabi cycling caused
by the flux of population into and out of the first excited state at the Rabi frequency,
Q, due to the pump laser. This behaviour would be characterised by an oscillation
frequency of ) = %, which would thus be expected to change as a function of applied
power. However this was found to not be the case and instead the only variable which
altered the oscillation frequency was the scan rate of the laser. In fact it was found that
this oscillation frequency is equal to the laser scan rate divided by m, and the linear chirp

of the frequency reflects the linear nature of the frequency change over the transition
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FiGURE 5.11: Fit of Equation to the transient signal acquired with 20 mTorr of
NO.

as is demonstrated in Figure This result leads to the conclusion that the observed
lineshape is due to a rapid passage effect was discussed in Chapter
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FI1GURE 5.12: Tuning rate determined from the transient signal fit versus that deter-
mined using the Ge etalon. A linear fit is shown through the data with a gradient of
1.002 and an intercept of 2.7 x 1073 MHz ns~'.
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The range of frequencies within which the laser could be tuned was limited at the low
frequency end by the occurrence of noise in the injection current. This meant that when
current ramp amplitudes became too small, noise fluctuations became an important
factor in the tuning rate. This effect is shown in Figure [5.13] at the experimentally
determined limiting point of 1 kHz repetition rate, as the noise introduced into the laser
current is seen to alter the probe laser frequency such that it scans over the same sharp
probe resonance three times in short succession. At the higher tuning rates the tuning
rate was limited by the bandwidth of the ILX current controller which prevented laser

tuning above c.a. 1 MHz ns™!.
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FIGURE 5.13: Multiple resonances observed as current noise causes jitter within the
probe laser scan at 1 kHz and causes the smae transition to be probed three times in
a single scan.

As the chirp rate determined from the fits of the experimental data appears to be
accurate and is immediate i.e. not reliant upon signals recorded at a separate time, all
chirp rates stated from this point onwards are determined from a fit of the experimental

data.

The presence of rapid passage in these spectra is initially surprising as the chirp rates
employed in these measurements are several orders of magnitude smaller than those in
the intrapulse measurements of Chapter[2], and there is further no evidence of asymmetry
in the Doppler broadened signals in Figure [5.6] nor in the ground state spectrum of the
NO P(13.5) 1 seen in Figure This signal also differs considerably from the standard
rapid passage signal seen in Chapter [2| with perhaps the most marked difference being
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the length of time over which the transient oscillations persist. These two disparities
are however related, as in ‘normal’ rapid passage spectra, taken in the intrapulse mode
of pulsed QCLs, the sample which is probed exists as an array of velocities, absorbing
and oscillating at slightly different frequencies. This array of oscillations when summed
over the sample destructively interfere, and as such the bulk polarisation is damped out
much before the individual species have finished oscillating. In this case however, when
the pump and probe frequencies are coincident upon the same velocity component only
a very narrow range of species are excited and thus probed (c.a. 2 MHz). Hence the
internal damping is minimised, and a rapid passage signal is observed at chirp rates
much below what would typically be expected. Figure shows the signal produced
when the probe laser is tuned at 0.13 MHz ns~! with 30 mTorr of NO in the cell overlaid
with a simulation which is the work of E. McCormack and is performed using the same
program as is utilised in Chapter 2] To summarise again, the results of the optical Bloch
equations are propagated over the path length by the analytical expressions for a driven
two-level system with relaxation, given by Torrey [78]. Good agreement is seen between
experiment and theory, though a little extra damping is apparent in the experimental
data than would be anticipated from pure collisional relaxation and velocity-group de-
phasing. This is expected however as the Maxwell-Bloch equations remain designed for
a two-level system, which this is clearly not. In this simulation the range of velocity
components detected was set by using the laser linewidth determined in Chapter [4, and
inputting this into Equation which results in a presumed temperature range of c.a.
1K
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FIGURE 5.14: A simulation performed by E McCormack alongside experimental data
of the pump-probe transient signal observed at 30 mTorr of NO, probed at 0.13 MHz
ns~!'. Good agreement is seen between experiment and theory, though a little extra
damping is apparent in the experimental data than would be anticipated from pure

collisional relaxation and velocity-group dephasing.
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As we thus know that the frequency of oscillation returned in the observed spectra is
determined purely by the tuning rate of the laser, the figures of interest here are thus the
amplitude, Ag and the decay period of the oscillations 7. The amplitude of the observed
pump-probe signal has already been shown to be function of pressure, but we would
further expect it to vary as a function of applied pump power. Figure [5.15(a) shows
the maximum absorbance of the transients observed whilst varying the pump power by

placing a wire grid polariser in the beam path.
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FIGURE 5.15: The effect of pump power upon (a) amplitude (in absorbance) and (b)

chirp rate of the sharp pump-probe feature for 30 mTorr of NO gas. (b) shows the chirp

rate returned for both up and down sweeps (open and closed triangles respectively) as
well as the average values and constrained linear fit (gradient =0) well within error.

Figure|5.15(b) further shows the variation of chirp rate returned from the fits over these

powers. Notably, there is a clear scatter of results beyond error, which would initially
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appear to contradict the earlier determined invariance of chirp rate with variables other
than the probe laser scan rate. However, the mirrored up and down sweep rates lend
a clue to the true origin of this effect, as in this measurement we are sensitive enough
to the chirp rate that we are measuring the asymmetry of the applied triangular waves
used to scan the laser. It is thus clear that for these measurements the ‘up ramp’ chirp
rate is typically c.a. 7% faster than the ‘down ramp’ but that the mean tuning rate

remains constant within error, with an average value of 0.404 MHz ns~!.

As the pump and probe beams are initially at opposite polarisations with the pump
laser horizontally and the probe laser vertically polarised, a further increase in the signal
amplitude was found by changing the axis of polarisation of the pump laser to that of
the probe using a A/2 waveplate (Figure . The amplitude of the transient increases
by a factor of 1.5x when both lasers are vertically polarised, an effect which would
be expected as the lasers thus interact with exactly the same subsection of molecules,
whereas while the polarisations are crossed the subset of molecules interacting with both

lasers is decreased [142].
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FIGURE 5.16: The transient signal both for 30 mTorr of NO with (red) and without
(black) the addition of a A/2 waveplate into the pump beam path.

The effect of pumping other ladder conformations was also investigated for both the
v=20J =550 = % and the v = 0,J = 6.5, Q = % states pumped in the R
branch and detected upon their correspond hot-band P-branches. Figure shows the
resulting absorption signals for 30 mTorr of NO. It is notable that the size of absorption
spike here is approximately the same as it is when the R(6.5)% transition is pumped,
reflecting the fact that the percentage of NO population in each of the ground states

is approximately equal over this narrow range. It is also notable here however that the
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transient oscillations are much less prominent in these cases. This effect is not due to

the transition pumped, but instead a function of the probe laser noise levels at these

Absorbance

wavelengths.
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FIGURE 5.17: Pump-probe signals from 30 mTorr of NO (a) when the R(5.5)1 v =
1 <= 0 transition is pumped and the P(6.5)1 v = 2 < 1 is probed, and (b) when the
R(6.5)z v =1« 0 transition is pumped and the P(7.5)s v =2 < 1 is probed.

The origin of decay processes within a rapid passage are discussed in Section and it

is thus unsurprising that the oscillations show damping as a function of pressure, as is

shown in Figure [5.18
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FIGURE 5.18: The decay period, T4amp returned from fits of pump probe data displayed
as a function of NO pressure.

This decrease in decay period is expected as the chromophore pressure is increased and

thus collisions become more effective at removing the coherence. It should be noted that

the dephasing rate that is observed is two orders of magnitude higher than HITRAN
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would predict for pressure broadening. The HITRAN values however are determined for
a bulk of velocity components and as such are not as sensitive to the effect of velocity
changing collisions as the measurement here. Interestingly, the decay period reaches
a plateau at low pressures indicating in this case that the dephasing of the induced
polarisation with respect to the probe laser field pumped system becomes limited by
the spread in molecular velocity components being sampled rather than by collisional

effects.

Further, it can be observed that as the scan rate of the probe laser increases, the decay
period decreases. This is likely in part due to the increased effective laser linewidth
as the scan rate is increased, but also to the fact that as the laser is tuned faster the
features begin to approach the 50 MHz estimated bandwidth of the detection system and
the rapid passage signals are no longer completely resolved. This effect is particularly
noticeable in the levelling off of the decay period at 7 = 20 ns = 1/50 MHz shown in
Figure [5.19} and is an effect that would need to be considered if this technique were to

be used to gain dynamical data.
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F1GURE 5.19: The decay period, 7, returned from fits of observed transients displayed
as a function of probe laser chirp rate.

Finally, the rate at which the pump laser was tuned is also variable. Tuning the laser
with the PZT between 1 - 100 Hz (c.a. 5 Hz ns~! - 500 Hz ns~!) over the pump transition
had no observable effect upon the hot band signal, however tuning the laser instead over
the pump transition by directly modulating the injection current at 10 kHz and above
(17.5 kHz ns~1) has a very clear effect. In this case the observed signal rapidly diminishes
in amplitude such that negligible transient absorbtion is seen above even 10 kHz. Figure

5.20{(a) shows the optimum pump-probe signal detected at 10 kHz for 30 mTorr of signal
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with the probe laser kept at 50 kHz tuning as before, and it is clear that it is both much
wider and that the oscillations decay much more rapidly than the signal observed for the
slower pump tuning rates. This behaviour occurs as when the pump laser tunes more
rapidly it can no longer be considered as a fixed frequency source with respect to the
probe scan. Thus, several velocity components are excited and probed simultaneously
and these multiple components will oscillate together and lead to a damped signal much
like that which occurs for intrapulse spectra. As the pump laser now tunes much more
rapidly there are no longer multiple probe laser scans over the course of a pump laser
transition and as such not every scan contains a sharp resonance. Figure (b) shows
the detected signal on one of these ramps, and a clear broad resonance is still observable
as for the slowly scanned pump data. In this case, whilst the lasers do not simultaneously
hit the ladder resonances the probe hits the transition a short period of time (< 1ps)
after the pump and as such detects the population once it has been scattered into a
range of states. In this case, an absorbance is seen of a magnitude in agreement with

those taken in Figure [5.10] and Gaussian widths of 124 + 3 MHz are recorded.
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FIGURE 5.20: Pump-Probe signals shown with the pump laser tuning at 10 kHz (17.5

kHz ns~! showing (a) the transient spike when the ladder resonances are stimulated

simultaneously and (b) the broad absorption detected on the probe scan immediately
after optical pumping.

At these fast pump laser scan rates we would anticipate beginning to move towards the
adiabatic rapid passage regime, and may expect a larger degree of population transfer.
However the chirp rate is still more than an order magnitude larger than would be
required for the adiabatic condition (a/Q% = 1) at these Rabi frequencies. It would in
theory be possible to achieve this condition by drastically reducing the amplitude of the
applied current modulation, however, this would mean that only a portion of the line
was covered during a pump scan. Perhaps more importantly in this case, in order to
maintain a ‘rapid’ regime the pressure would also have to be drastically reduced such

that collisional relaxation occurred on a timescale longer than the scan. This was not
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possible with our setup, and would likely require the addition of both a turbo pump
for the low pressure and a long path cell such that appreciable absorption could be

maintained.

Despite the inability to reach adiabatic passage in this case, directly observing the
population transferred to the excited state here whets the appetite for secondary appli-
cations. Here insufficient population has been transferred to likely be of use in many
investigations, however were we to replace the weak probe laser utilised here with a high
powered-narrow linewidth laser it would open up the prospect of midinfrared stimulated
Raman adiabatic rapid passage (STIRAP), with which population may be transferred
from the ground state to an excited level with 100 % efficiency and which requires limited

population transfer efficiency in each individual step.

2

O £

1

FI1GURE 5.21: Schematic of a A arrangement of levels, in resonance with pump, Qp
and Stokes, Q25 radiation. Note that levels 1 and 3 are not directly connected.

STIRAP is a methodology first proposed in 1989 [72] and is described by Vitanov et al
[79] for the case of a so called A-system as is shown in Figure The three states are
labelled 1, 2 and 3 and the transitions referred to with respect to their Rabi frequencies
as the pump and Stokes pulses, Qp(t) and Qg(t), for historic reasons with a required
condition of the single photon detunings A = Ap = Ag from the respective resonances.

The three eigenstates of the Hamiltonian are then:

O, (t) = 1)1sind(t)sing(t) + o cosp(t) + s cosd(t) sing(t), (5.3)
Do(t) = )1cosd(t) — 3sind(t), (5.4)
O_(t) = 11sinf(t) cosy(t) — o sing(t) + 13 cosO(t) coso(t), (5.5)

where the mixing angles 6 and ¢ are

0(t) = arctan <g§g>> (5.6)

~—
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and

/02 2
1 QL+ Q
o(t) = §arctan yor TSy (5.7)

A

STIRAP then works by utilising this ®y which is an admixture of just the first and third
states in the A system. For a system of counterinutitive pulses as is shown in Figure
Q,(t)/Qs(t) 127200 and Q,(t)/Qs(t) 12429, 56 hence as time progresses 6 goes
from an initial value of 0 to a final value of 5. Therefore ®y goes from a bare state of ¢
to an admixture of 1, and ¥3 and eventually a pure 13 state with no population resting
in 19 at any time. 1y is clearly directly connected to both 17 and w3 but if there is no
relaxation mechanism from 3 to t; then this process creates what is referred to as a

‘trapped state’ and complete population transfer is theoretically possible as is shown in

Figure [5.22]
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FIGURE 5.22: Schematic of a STIRAP experiment showing (a) the counter-intuitive
pulse order and (b) the theoretical population transfer. It should be noted here that at
no time does population rest in level 2 as can be seen in (b). From [79]
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Putting this theory into practice can be difficult, but Bergmann et al. achieved successful
results with cw lasers intercepting a molecular beam of Na dimers at right angles [143],

and similar results have been seen with metastable Ne [144H146].

Mukherjee and Zare [I147] have proposed a mid-infrared STIRAP experiment involving
the population and polarisation of HCI at 3 pm, and calculated that complete population
transfer could be achieved with 1 ps pulses of 10 kHz linewidth laser radiation with a 1
mm beam waist and a laser intensity of 30 mW mm~2. This frequency range is currently
outside of the range of commercially available QCLs, however similarly strong transitions
pervade further into the mid-infrared. Imagining an equivalent system within our laser’s
tuning ranges, the primary limiting factor is the laser linewidths which are c.a. 100x
larger than Mukherjee and Zare indicated. However, with stabilisation, experimental
linewidths of 12 kHz have been recorded directly [I48] by servo-locking to the side of
an absorption resonance, and effective single Hz linewidths whilst locking to a cavity
mode in heterodyne beat spectroscopy [149]. Further calculations performed within our
group have shown that even were this degree of stabilisation not achieved, linewidths of
the order of 1 MHz could be used to produce 70 % population transfer in this frequency
displaced system.

5.3 Conclusions

This chapter has shown the first measurement of excited state population produced
and probed with quantum cascade lasers. Approximately 16% of the population in the
v = 0,J = 6.5 state has been pumped with an commercially available EC-QCL upon
the R(6.5)% transition, and the excited population detected in the v = 1, J = 7.5 state
using a weaker DFB QCL tuned to selected transitions within the hot band. Rapid
scattering of the excited population amongst the rotational states in v = 1 has been
observed such that pumping upon any one of a range of transitions in the fundamental

vibrational band leads to the same broad level of population in v =1, J = 7.5.

When population is pumped from v = 0, J = 6.5 on the R(6.5) 1 transition and the probe
laser scanned over P(7.5)% in the first hot band, then as well as the broad thermalised
signal there is also a sharp spike caused by the instantaneous, velocity-selected, Bennett
peak excited by the pump laser. This signal is however not detected as a pure absorption
signal, but instead as a rapid passage signal caused by the fast scan of the probe laser.
This is the first measurement to our knowledge of a velocity selected rapid passage signal,
and the effect of pump power, gas pressure, pump and probe scan rate and polarisation

have been investigated upon it.
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This work shows significant population transfer to the first excited vibrational state of
NO, and suggests - with the addition of a second high powered laser - the possibility
of operating a STIRAP style population transfer experiment with the prospect of high

levels of population transfer for utilisation in a secondary application.



Chapter 6

Frontiers in Quantum Cascade

Lasers

In Chapter |1} advancements in QCL gain material design were discussed, pushing to-
wards the production of short wavelength devices. This chapter shows some initial
measurements performed using two prototype 3 pm devices acquired through collabo-
ration with Prof. John Cockburn from Sheffield University. Access to the 3 pm region
is particularly desired due to the presence of strong C-H, O-H and N-H stretch tran-
sitions of a great many molecules of both fundamental and applied interest, as well as
the fundamental vibrational bands of HCl which is a standard system for studies of

photodissociation dynamics.

6.1 Fabry-Pérot Device

6.1.1 Experimental

In this section a Fabry-Pérot pulsed QCL is utilised, operating between 2980 and 3065
cm™! at room temperature and similar to one which has appeared previously in the
literature [28]. The full design and physical characteristics of this laser are described
there and it is beyond the purview of this chapter to list the exact conditions of manu-
facture. In brief it is a strain compensated InGaAs/AlAsSb/InP device based upon the

bound-to-continuum design producing pulsed powers in the order of Watts.

The laser was mounted in a Cascade Technologies LS-03-D laser head and run at tem-
peratures above 290 K in order to prevent condensation on the chip from aerial water.
Light emitted from the QCL was divergent at ~ 60° and so was collimated using an

off-axis paraboloid mirror which produced a beam of approximately 3 mm radius.

119
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As the FP device has no wavelength selective device and is multi-mode, its spectral
output was determined by coupling the radiation into a Perkin Elmer Spectrum 100
scanning Fourier transform infrared spectrometer (FTIR). Whilst these devices are typ-
ically operated with continuous wave sources, if the pulse repetition rate is significantly
faster than the rate of mirror scanning then the FTIR detects the signal as essentially a
weak continuous signal [I50]. In this case pulses of between 25 and 100 ns were produced
by the laser at rates in the range 2.5-10 kHz whilst the FTIR samples at rates up to 500
Hz.

6.1.2 Results

The FP device was initially uncharacterised and as such an LIV curve was initially
measured at three temperatures as is shown in Figure [6.1] The peak powers shown here
were recorded continuously using a Gentec-EO power meter and then calculated taking
into account the operating conditions. It is of note here that the threshold is very high
(~ 3 A), reflecting the high levels of losses within the system that make short wavelength
QCLs so difficult to produce.

Peak Voltage (V)
Peak Power (W)

0 i I i 1 i | . N
0 1 2 3 4 5

0.0

Peak Current (A)

F1GURE 6.1: The LIV curve of the FP device showing data taken at 291, 293 and
298 K in blue red and black respectively.

The collimated light from the laser was then directed into the FTIR and spectra taken
at a pulse amplitude of 4.5 mA (corresponding to 28 V) and 298 K at a spectrometer

resolution of 2 em™! for 4 minutes as is shown in Figure Here the Fabry-Pérot

structure is clearly apparent, with a spectral range between 2960 and 3070 cm ™!

1

, centred

at 3036 cm~!. An average mode spacing of 7.84+0.01 cm~! was found, corresponding to
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F1cure 6.2: FTIR spectrum of the output from the FP device with an 4.5 mA pulse
applied to the laser at 298 K.

a resonator length of 1.9 mm as calculated from the free spectral range (FSR) equation
1.4] presuming a refractive index of 3.3 [I8, I5I]. This resonator length is in good
agreement with the expected chip length. The data appears to show that the QCL chip
is a low finesse resonator (c.a. 2) and in order to demonstrate that this is not an effect
due to the resolution of the spectrometer Figure [6.3] shows the same data taken at the

two highest resolutions achievable with our spectrometer.
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FIGURE 6.3: FTIR spectra of the FP device output at 1 cm™! and 2 cm™!. There

is a slight narrowing of modes as the resolution is changed to 1 cm™' however, this

difference is not very significant whilst a definite decrease in S/N is seen for the same
change.
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As the resolution is increased, the S/N in the spectra decreases as would be expected,
but it is important to note that the shape of the signal does not change significantly. As

this is the case, all spectra in this section are taken with 2 cm™!.

As this is a pulsed laser, it was of interest to investigate whether or not the output demon-
strated a frequency chirp during operation. Therefore the laser output was recorded
whilst changing the amplitude (Figure [6.4(a)) and length of the current pulse (Figure
6.4(b)). Within these operating ranges the modes do not change position with either
variable - perhaps as we are limited by the resolution of the spectrometer, and the only
notable effects are seen when changing the pulse amplitude, leading to an increase in

output energy as would be expected, along with as a shift in central operating frequency.
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FIGURE 6.4: Spectra taken investigating the effect of pulse length and applied current.

(a) Shows the effect of changing the applied current pulse amplitude with an observed

spread of observed spectral modes as well as a shift in central frequency, but individual

modes remain unmoved. (b) Shows 27 V pulses of 50 ns applied at 5 kHz (black) and

100 ns applied at 2.5 kHz (red). The frequency was adjusted to normalise for power

and little difference is seen between the two sets of spectra, with only slight changes in
the powers of individual modes.

Changing the temperature of the laser whilst running however, did have an effect upon
the positions of the FP modes as is shown in Figure [6.5| returning a mode tuning rate
of ~ 0.5 cm™! K~!, approximately double that observed for a typical single mode DFB
QCL [18]. The two modes that appear upon the edges of the output at c.a. 2970
and 3060 cm~! do not obey this behaviour however, barely changing frequency with
temperature, and it is thought that they may be due to lasing through non-standard
pathways, for example from continuum to continuum, or from top states in neighbouring

wells.

This temperature tuning means that by changing the temperature by 12 K the entire

frequency range could be covered by the modes of the laser, and a LabView routine was
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FIGURE 6.5: FTIR spectra taken as a function of chip temperature. A clear red shift

of the modes can be seen as a function of temperature corresponding to a tuning rate
of 0.5 cm™! K1,

set up as follows. 50 ns pulses of 4 A were applied to the laser and the FTIR set to
average for 26 minutes whilst the temperature was set to step 1 K each minute from 291
- 303 K and back again. This methodology produced a reasonably smooth, and most
importantly, reproducible spectral output which was then used in order to perform some
simple spectroscopy. A 20 cm cell with CaFy windows was filled with 2.6 Torr of CHy
and placed in the sample chamber of the FTIR and a 26 minute spectrum taken followed
by a spectrum with an empty sample chamber. The results of these two scans are shown
in Figure [6.6(a) with the baseline adjusted by a factor of 0.81 (0.9%0.9) for the CaF
windows of the cell. Figure (b) then shows the absorbance spectra determined from
these measurements overlaid with both a spectrum taken with the black body source of
the FTIR, and a HITRAN simulation of the v = 1 « 0 rovibrational spectrum of the
Q-branch of the v3 band of CHy, apodised with the 2 cm™! resolution of the FTIR.

Despite the residual mode structure present in this data, the QCL resultant spectrum is
in surprisingly good agreement with literature values. These results show the promise of
these devices for the production of short wavelength radiation, but the next step towards
the production of a commercial device must be the production of single mode radiation

as can be achieved with a DFB QCL. Such a laser is characterised in the next section.
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FIGURE 6.6: Temperature tuned spectrum of the Q branch of the v3 band of CHy

showing (a) signal with and without a 20 cm cell containing 2.6 Torr of CH4 and (b)

the resultant absorbance spectrum (black) compared with both a spectrum taken with

the FTIR’s internal black body source (blue) and a HITRAN simulation apodised for
the 2 cm ™! resolution.

6.2 3 pym DFB-QCL

In this section a DFB laser is operated which is in essence an extension of the previous
laser design: a InGaAs/AlAsSb/InP bound-to-continuum device with the addition of a
buried third order Bragg grating, similar to one which has appeared previously in the

literature [I52]. The wavelength selected by a Bragg grating is given by:

_ 2Anepy

Ao (6.1)

m

where A is the grating period, m is the grating order and n.ys is the effective refractive
index of the optical mode. In order to achieve single mode tuning with a first order
grating (m = 1) in the 3 micron range then grating features become too small (~ 250
nm) to be fabricated using usual methods (UV-photolithography) and instead have to
be manufactured by e-beam or holographic lithography [I52]. These processes add extra
complication to the fabrication process which is undesirable. With higher order gratings
A can be greatly increased, but grating shape must be carefully considered in order to
maximise coupling. For second order gratings (m = 2) at 3 um these shape consid-
erations mean that some grating features will be small enough that UV-lithography is
unapplicable. For third order (m=3) gratings however this is not a problem and grating
features of c.a. 800 nm are required for A ~ 3.35pm operation, fully achievable with

standard methodology.

6.2.1 Experimental

The DFB QCL was operated with a stated central wavelength of at 3.365 pm (~ 2970 cm™!)

and in practice single mode light was seen to be produced in the range 2966 — 2970 cm ™
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at room temperature. 100 ns pulses were sent to the laser at a repetition rate of 5 kHz
and as the collimated light from the laser was single mode, detection was performed
using a VIGO PVI-2TE detector coupled with a LeCroy Wavefurfer 350 MHz scope.

6.2.2 Results

As little was known about the laser beyond its central output wavelength, initial experi-
ments involved observing a bare pulse at a chip temperature of 290 K after propagation
through 1 m of lab air as is shown in Figure The most apparent feature here is
that unlike the QCL pulses shown in Chapter [1| there is no ‘flat’ area within the pulse,
and after an initial strong increase in detected signal at the start of the pulse there is a
relatively steep slope back towards the baseline. This effect is caused by rapid heating
of the gain medium by the applied current, which in turn reduces the output power. In
this case a 100 ns pulse has been applied to the laser but rapid Joule heating means

that the laser pushes below its threshold after approximately 85 ns.
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FI1GURE 6.7: Bare pulse from the DFB QCL at 290 K incident upon the detector after
propagating through 1 m of lab air.

A 20 cm cell containing c.a. 10 Torr of CH4 was placed between the laser and detector
and the signal observed at temperatures between 290 and 324 K as is shown in Figure
Within these spectra two absorptions corresponding to R(7) transitions in the (0 1
01) + (000 0) band at 2971 cm~! are apparent, spaced by 6.2 GHz [1]. By tracing
the spacing between these two transitions as they move across the pulse with changing
temperature, we can gain an idea of the frequency tuning rate of the laser as is shown
in Figure [6.9(a), and put the pulse on an absolute frequency scale (Figure [6.9(b)). A



Chapter 6. Frontiers in Quantum Cascade Lasers 126

(a) T T T T T T (b) T T T T T T
0.0
S S
T f
o 02r 1 o
7] n
0.4 L1 L L L L L .0.3 L~ L L L L L
0 25 50 75 100 125 0 25 50 75 100 125
Time (ns) Time (ns)
C T T T T T T d T T T T T T
© ,, @
S S
T T
> 5 O1r 1
%] %]
1 1 1 1 1 1 _02 1 1 1 1 1 1
0 25 50 75 100 125 0 25 50 75 100 125
Time (ns) Time (ns)

FIGURE 6.8: Pulses from the DFB QCL with a 20 cm cell containing 10 Torr of CHy

in the beam path. Data is taken with the laser at (a)300 K (b) 310 K (c) 317 K and

(d) 320 K and the CH,4 feature can be seen to move across the pulse as the frequency
range is changed indicating a frequency shift with temperature.

second order polynomial was chosen in order to fit the frequency change as this is the
behaviour that we have observed for a typical DFB QCL like those demonstrated in
Chapter
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FIGURE 6.9: (a) The chirp rate determined from the spacing of the CH4 doublet, and
(b) a spectrum where this chirp rate is used to determine a frequency scale for a pulse.

From this data we can estimate an average laser chirp rate of 1.8 GHz ns™!, at least an
order of magnitude higher than the chirp rate measured for commercial DFB QCLs in
Chapter 2] This chirp rate is again a measure of the poor heat dissipation over short

timescales (ns-ps) within the system and has a further impact upon the observed spectra.
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FIGURE 6.10: Absorption spectrum obtained of 10 Torr of CH4 in a 20 cm cell. The
spectrum is clearly assymmetrical and is not well fit with two peak functions. .

Further to this, if we presume that the frequency tuning range stays approximately
static for all temperatures then these scans also give us a tuning rate of 0.127 cm™!
K~! in reasonable agreement with similar lasers in the literature. Figure shows the
absorption spectrum after correcting for an empty cell taken at 310 K. These transitions
show absorption in relatively good agreement with the literature, but it is anticipated
that the very high chirp rate would be causing fast distortion to these lineshapes which
is not visible with the current detector. Further studies with higher bandwidth detection

systems are currently being pursued.

6.3 Conclusion

These initial experiments give us important information about the state of InGaAs/AlAsS-
b/InP QCLs at short wavelengths. These prototype devices act as a successful proof of
principle, showing that short wavelength devices such as these are applicable to spec-
troscopy. However, at present, the combination of very high threshold current as is seen
in Figure [6.1] and poor thermal management as is shown in Figure [6.7] mean that robust
single mode continuous wave operation is a way off yet. Further, the lifetime of these
devices at present is very short, and after only tens of hours of use the single mode

device was no longer behaving as single mode.

Whether short wavelength QCLs or ICLs (as mentioned in Chapter (1)) will be forth-
coming as the device to fulfil the desire for a high powered single mode device around 3

pm is unknown. Devices such as those demonstrated in this chapter show some promise
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but are still in their infancy and a number of improvements have yet to be tested (e.g.
epi-down mounting). Single mode ICLs are beginning to come to market, though they
too are not without their problems, and testing of an EC-ICL with an eye to inclusion in
this thesis showed a drop-off of power of c.a. x100 over the course of 2 days of operation

showing that they are also far from mature devices.

Rapid advancements are however being made in both devices, and whichever succeeds,
the ability to access (or indeed pump) the strong X-H bonds around 3 pm or the HCI
transitions proposed for STIRAP by Mukherjee and Zare [I147] would prove incredibly

useful in the fields of dynamics and kinetics.



Chapter 7

General Conclusions and Future
Work

This thesis has examined quantum cascade lasers (QQCLs) as a spectroscopic tool, and

in particular their application to population transfer.

Chapter 2| contains work examining the spectra of pulsed QCLSs operated in the intrapulse
mode, where the fast chirp rate (100s MHz ns~!) leads to an asymmetrical absorption
signal with rapid oscillations following the maximum absorption in time. These signals
are indicative of the nonlinear process termed ‘rapid passage’ by which the chirped laser
radiation produces changes in the real and imaginary parts of the refractive index of the
system as well inducing a (very small) degree of population transfer. The rapid passage
signals produced by two different QCLs have been considered as a function of a number
of different parameters, and a pressure shift in the oscillations measured in comparatively
short path lengths contradicting previous suggestions which highlighted the importance
of self-focusing in driving this phenomena. The requirements for increasing the degree of
population transfer using this methodology were further discussed. The level of control,
and specifically, the low chirp rates required for adiabatic rapid passage however are not

achievable using intrapulse operated QCLs.

Continuous wave (cw) QCLs do not suffer from an observable fast frequency chirp and as
such, spectra taken with them are not complicated by this rapid passage effect. Chapters
and |4 then demonstrated the applicability of continuous wave (cw) QCLs to a range
of spectroscopies, utilising their narrow bandwidth, high power and (for the EC-QCL)
wide tunability in tandem with the large absorption cross-sections in the midinfrared.
In this manner time-normalised sensitivities as high as 8.7 x 1072 ¢cm~! Hz~1/2 have
been achieved using a 10 pm DFB with a 238 m asymmetric Herriott cell, and minimum

detectabilities high enough for medical sensing achieved with an optical cavity. The
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hyperfine coupling constants of both isotopologues of DBr have been measured, including
the previously unknown value for the hyperfine coupling constant of D8!Br in the first
excited vibrational state. Sub-Doppler resolution has been achieved in both Lamb-dip
and polarisation spectroscopy using an EC-QCL acting upon NO, and the laser linewidth
determined as c.a. 2.5 MHz on a millisecond timescale. The evolution of this linewidth
with injection current has been measured and from this an estimate of the fundamental
linewidth of this laser system is made at 200 kHz. This sub-Doppler resolution is further
utilised in order to perform high resolution spectroscopic measurements upon both the
R(13.5) 3 and the R(1.5) 1 transitions. The latter of which spectra displays not only the
hyperfine split transitions, but also extra cross-over resonances due to shared levels and

possible coherent effects.

In Chapter [5| a pump-probe experiment was performed using saturation created with
the EC-QCL whilst scanning over a transition in the fundamental vibrational band of
NO, which was simultaneously probed by a weak DFB QCL acting upon a transition
in the first vibrational hot band. The P(7.5)% signal was observed in the first excited
state as a function of power, pressure and chirp rates, and its lineshape was found to
be a combination of both a broad, thermalised transition produced by rapid collision-
ally induced population transfer within v = 1, and a sharp Bennett peak-like feature
exhibiting rapid passage. The observed rapid passage would not normally be expected
in a Doppler broadened signal, but in this case the velocity-selected signal oscillating at
a very narrow range of frequencies leads to little destructive interference and the oscilla-
tions are seen to persist much longer than those seen in Chapter [2| with pulsed systems.
The broad signal further allows us to estimate population transfer at 16% of the pop-
ulation in v = 0,J = 6.5 pumped into the first excited state, a value consistent with
a saturation parameter of c.a. 0.5 in line with expectations from our Lamb-dip mea-
surements. This population is however still relatively small and methods of increasing
it are considered. Increasing the scan rate of the pump laser such that adiabatic rapid
passage occurs is not possible due to limitations of both the laser system and the vacuum
system, however the possibility of replacing the weak pump laser with a higher powered
system and performing a STIRAP experiment is considered, and current experimental
realities compared to those of a theoretical HCI experiment proposed by Mukherjee and
Zare [147].

Chapter [6] presented work with prototype short wavelength QCLs working around 3.3
nm. A Fabry-Pérot (FP) device and a DFB device are used to record spectra of CHy
transitions in the region and their prospects for widespread use are considered. Spectra
obtained with the FP laser required the use of a Fourier transform spectrometer (FTIR)
and the production of a smooth baseline was at best challenging. The wide tuning

range of such devices does suggest the prospect of monitoring the spectra of molecules
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with broad absorption features (e.g. acetone) but in practice this can currently be more
successfully achieved with a black body source coupled to the FTIR. The DFB device
was single mode and as such, spectra could be obtained of two CH, transitions without
the use of an FTIR. These two transitions were used in order to determine the chirp rate
of the laser system and it was found that the laser frequency was changing at a rate of
c.a. 1.8 MHz ns~'. This frequency change is 1-2 orders of magnitude faster than that
achieved in a typical pulsed DFB QCL and is due to poor thermal management within
the system suggesting that there is some way to go before these devices are suitable for

widespread use.



Appendix A

Lamb-dip Fitting Routine

cd(uigetdir);
files = dir(’*.txt’);

for i=1:length(files)

data = importdata(files(i).name);

t=data(:,2)-1920.7;

yl=data(1,3);

y2=data(end,3);

xl=data(1,2);

x2=data(end,2);
m=((y2-y1)/(x2-x1));

b= 0.5% ((yl+y2)-m*x(x1+x2));
base=m*data(:,2)+b;
absorb=-log(data(:,3)./base);
sm=smooth (absorb,200);

rm=sm-absorb;
[“,1cs(:,1)]=findpeaks (smooth(rm,10), ’minpeakheight ’...
,0.004, ’minpeakdistance’,0.5e3);

fO0=[t(1lcs(1)),t(1lcs(2)),0.06*x(data(end,2)-data(1,2)),...
(max (absorb)-min(absorb)), (max(absorb)-min(absorb)) ,1,0];

doub=0(x,xdata) x(7)+x(4)*gaussian(xdata,x(1),x(3))...

+x(5)*gaussian(xdata,x(2),(x(6)*x(3)));

f=nlinfit (t,absorb,doub,f0);

pl=p(i);

m=max (absorb); % evaluates max value of absorb for nomalisation in fit.
x0=[0,0.25%(100/p1)"2,t(1lcs (1)) ,t(1cs(2)) ,2e6];

1b=[min(absorb) ,0,min(t),min(t),1.2e6];

ub=[mean (absorb) ,700,max(t) ,max(t) ,3e6];

x=x0;

options=optimset (’TolFun’,1e-8);
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x=1sqcurvefit (QLeqn,x0,t,absorb,

l=Leqn(x,t);
clf

subplot(2,1,1);hold on

plot (t,absorb)

plot(t,1,’r?)

subplot (2,1,2);plot(t,absorb-1)
hold off

fitty (:,i)=x;

S(i1)=x(2)

beep

end

%% The function which evaluates the

%% the laser convolution

function integral=Leqn(x,t)%,dat,f)
k=1.38e-23;

T=300;

ma=30;

v=sqrt (2*k*T/(ma*x1.660e-27));
wid=2e-3;

Dw=sqrt (2*log(2)) * v/wid; Jtransit
p=evalin(’base’, ’pl’);
gamma=(sqrt ((Dw) "2+ ((2.5e3%p))~2))

f = evalin(’base’, ’f’);
a01=f (4)*xgaussian(t,f(1),£(3));
a02=f (5)*gaussian(t,f(2),f(3)*x£(6));

a=f(7)+x(1)+ a0l.*(1-(x(2)/sqrt(1+x(2))).*(gamma/2)"2./((t-x(3))."2

+((0.5xgammax* (1+sqrt (1+x(2)))/2)°2))

1b,ub,options);

Lamb-dip model and performs

time broadening

/30e9;

...

+ a02.*%(1-(x(2)/sqrt (1+x(2))) .*(gamma/2)"2./((t-x(4))."2...

+((0.5xgammax*(1+sqrt (1+x(2)))/2)"2))

integral=zeros (length(t),1);
for u=1:length(t)

);

laser=gaussian(t,t(u),x(5)/30e9);

integral (u)=laser ’*a;

end

m = evalin(’base’, ’m’);

integral=(integral*m)/max(integral);
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