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Laser spectroscopy offers a powerful and adaptable toolkit of techniques for sensitive and
selective gas detection. New semiconductor laser sources that can emit high power mid-
infrared radiation at room temperature have reawakened interest in exploiting the spectrally
separated, strongly absorbing ro-vibrational transitions in this region. The aim of this
thesis is the demonstration of absorption spectroscopy methods with interband cascade
lasers (ICLs) and quantum cascade lasers (QCLs) to detect gases relevant to physiology
and atmospheric science.

Modulation of laser frequency via the injection current can increase instrument performance
and prevent long-term drifts in laser output. An 8.2 µm QCL was locked to a CH4 ro-
vibrational line using a 3f signal, limiting the laser frequency deviation to 3 MHz over
120 s. Frequency modulation spectroscopy (FMS) at 20 MHz demonstrated a twofold
improvement for NO measured with a 5.3 µm QCL despite residual amplitude modulation.
Broadband RF current perturbation of a 5.3 µm QCL was shown to broaden the laser
linewidth and enhance the sensitivity of off-axis cavity-enhanced absorption spectroscopy
(CEAS) tenfold.

Optical-feedback CEAS (OF-CEAS), which achieves high intracavity power and elongated
periods of resonant cavity excitation, was performed using V-shaped and linear optical
cavities. ICL and EC-QCL sources were utilized for the first time for sensitive OF-CEAS
detection of VOCs and N2O. OF-CEAS using a V-shaped cavity and 3.2 µm ICL achieved an
αmin of 2.5×10−8 cm−1 for N2O measurements. While the 5 µm EC-QCL achieved similar
single-scan precision, mode-hopping prevented consistent measurements. The novel use of a
linear optical cavity for OF-CEAS was demonstrated theoretically and experimentally with
a 5.3 µm QCL to achieve excellent sensitivities (4 × 10−9 cm−1 Hz−1/2). The successful
demonstration of these techniques paves the way for new QCL and ICL technology to be
incorporated in future laser absorption spectrometers for the laboratory, field, and clinic.
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Chapter 1

Laser Absorption Spectroscopy: Principles and

Motivations

1.1 Introduction

Air is a magical substance. It is an invisible, virtually unnoticeable sea containing a vast

array of reactants and products that make life possible on this planet. In 1674, Sir Robert

Boyle aptly described its importance and complexity:1

[Air] is not, as many imagine, a Simple and Elementary Body, but a confus’d
Aggregate of Effluviums from such differing Bodies, that, though they all agree in
constituting, by their minuteness and various motions, one great mass of Fluid
matter, yet perhaps there is scarce a more heterogeneous Body in the world.

Science has come a long way in understanding the constituents and properties of air and

other complex gas mixtures. Gases pose unique challenges for detection and measurement:

gases are well-mixed, largely transparent, and have variable densities according to pressure,

volume, and temperature conditions. Despite these challenges, quantifying the concentra-

tion of a particular species can be vitally important for scientific endeavour, as well as

human health and safety.

The canary is, perhaps, one of the earliest gas sensors used for human safety, while

the olfactory prowess of canines has long been exploited for bomb detection and earthquake

rescue operations, with continuing progress in early cancer detection.2 Today, the military

has even recruited honeybees to sniff out landmines.3 But what if we could achieve all these
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objectives with small, customizable, affordable devices sans fur and stingers? The ability

to detect and quantify specific molecules in air is of great importance for environmental

monitoring, medical diagnostics, and security. Increasingly, regulations require monitoring

of workplace air quality, and of industrial and automotive emissions, driving commercial

interest in gas sensing development. The gas sensing market is projected to be worth £1.5

billion per annum by 2018.4 Laser absorption spectroscopy is widely-accepted to be one

of the best ways to achieve the necessary sensitivity, selectivity, and accuracy required for

trace gas detection applications.

For nearly two centuries, scientists have known that each type of gas attenuates the

transmission of a characteristic collection of wavelengths of light. While this allowed the

identification of different gases, it was not until the development of quantum mechanics in

the early 20th century that this behaviour could be justified. The quantized energy levels

of electrons and nuclei in atomic or molecular systems means that only discrete quanta

of energy, such as photons, will induce a change in the system. A molecule can absorb

the energy of a photon and thereby induce a change from an electronic, vibrational, or

rotational state into a state that is higher in energy. Electronic excitations usually require

high energy UV or visible radiation, which often causes dissociation making them unsuitable

for non-invasive sensing. Pure rotational excitations, on the other hand, correspond to low-

energy microwave wavelengths. These transitions are very close in energy and therefore

more difficult to distinguish. Vibrational excitations are ideal for gas detection being well-

separated, non-destructive, and within the visible and infrared bands of the spectrum where

lasers and other light sources are readily available.

As seen in Figure 1.1, an excitation from one vibrational state to another is actually a

transition from one series of rotational states to another series.5 Rotational-vibrational (or

ro-vibrational) transitions that can be excited with infrared radiation are, however, limited

by selection rules. For most molecules, the transition must satisfy the selection rules:

∆vij = ±1 ∆Jij = ±1 (1.1)

12
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Figure 1.1: Simplistic model of molecular energy levels for two different electronic states. Arrows
indicate electronic (blue), vibrational (orange), and rotational (red) transitions, which correspond to
UV, infrared, and microwave photon energies, respectively. The electromagnetic spectrum is shown
on the right labelled by wavelength (λ) for reference.

where ∆vij and ∆Jij represent the changes in the vibrational and rotational state quantum

numbers respectively. The second rule gives rise to two branches, one on either side of the

energy for the pure vibrational transition; the lower energy (∆Jij = −1) is termed the P

branch, while the higher energy (∆Jij = +1) is labelled the R branch. Molecules with non-

zero electronic angular momentum in the ground electronic state can also undergo ∆Jij = 0

transitions; these appear as a central Q branch. The result is an infrared spectrum formed

of a series of ro-vibrational transitions across a range of frequencies. For relevant small

molecules, the energy and temperature-dependent probability of these ro-vibrational states

have been calculated, and thus can serve as a quantifiable signature of the gas.

1.2 Physical basis of absorption spectroscopy

In order to use ro-vibrational transitions for detection, their fundamental characteristics

must be defined. A molecular ro-vibrational spectral line is defined by three parameters:

centre frequency, lineshape, and absorption strength.

13
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1.2.1 Frequency

The frequency of a transition is fundamentally determined by the energy difference between

the upper and lower states of the ro-vibrational transition. Bonding force constants, which

are related to the energy levels of different states, vary depending on electronic structure and

environment, and so differentiation of species – including isotopic analogues – is possible.

The centre frequency of a given transition can shift slightly when pressure-induced distor-

tions in the potential energy surface arise due to interactions with neighbouring molecules.

The HITRAN (high-resolution transmission) international database for gas-phase molec-

ular absorption constants provides pressure-shift estimates for transitions included in the

database, however in practice these will depend on the buffer gas and are generally not

precisely known.6 Pressure-shifts only become important at very high pressures, and thus

no significant shifts are expected for most trace gas sensing applications which require at-

mospheric pressure. A typical pressure shift at 1 atm in the relevant wavelength region is

∼ 0.005 cm−1, much less than the absorption linewidth under the same conditions.

Throughout this thesis, the frequency units follow the following convention: ν refers to

frequency in Hz and ν̃ is the equivalent value in units of wavenumber (cm−1).

1.2.2 Lineshape

The shape of the measured absorption line is the convolution of the frequency distribution

of the laser and the frequency-dependent molecular absorption cross-section. There are four

potential types of molecular linewidth broadening to be considered: natural (uncertainty),

Doppler, pressure (collisional), and saturation. The first, natural broadening, is simply a

result of the Heisenberg uncertainty principle, which states that:

∆E ≥ h

2πτji
(1.2)

where τji is the lifetime of the transition j ← i, ∆E is the energy of the transition

(∆E = hc∆ν), and h is Planck’s constant. Transitions with short lifetimes will have a

broader distribution of measured frequencies. At room temperature and within the mid-
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infrared spectral region natural broadening is orders of magnitude smaller than pressure

and temperature-dependent broadening mechanisms and can be neglected.

Doppler broadening is related to the distribution of molecular velocities. The Doppler

effect describes the frequency shift of electromagnetic oscillations due to movement towards

or away from a reference point (or absorbing species). The Maxwellian distribution of

molecular velocities within the sample results in a Gaussian lineshape that has a frequency

full-width at half-maximum (FWHM) of:

∆νD = ν

√
8kBT ln 2

mc2
. (1.3)

The ratio of the Doppler linewidth (∆νD) to the centre frequency (ν) is therefore related

to the Boltzmann constant (kB), temperature (T ), speed of light (c), and molecular mass

(m). This effect is inhomogeneous, meaning not all molecules are affected in the same way.

At room temperature, gas molecules will have Doppler linewidths on the order of a few

hundred MHz in the mid and near-infrared and this broadening mechanism does contribute

substantially to the absorption lineshape.

Pressure broadening is another significant contributor to the lineshape and is caused by

the exchange of energy between colliding molecules. This is similar to natural broadening,

however the time constant in this case is the mean time between collisions (τp):

∆νp =
1

2πτp
. (1.4)

Collisional broadening affects all molecules in the system in the same way, therefore it can be

modelled as a homogeneous, Lorentzian distribution. The magnitude of the effect depends

on the collisional behaviour of the two gas molecules involved, and therefore the total

broadening is a sum of species-dependent broadening effects, scaled by the partial pressure of

each gas in the sample. Pressure broadening coefficients are given in the HITRAN database

for collisions between two molecules of the same gas (γself), as well as for a standard air

mixture (γair), in units of cm−1 atm−1, the half-width at half-maximum per atmosphere of

pressure. Typical values of γair are ∼ 0.05 cm−1 atm−1, though γself is several times larger
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for polar molecules.

Distortion of the lineshape can occur if an intense light source increases the fraction

of molecules in the upper energy state (or energy gap close to thermal energy in the case

of microwave spectroscopy). In the limit where the ratio of the number of molecules in the

upper state to the lower state approaches unity, the gas becomes “transparent” – for each

photon absorbed by a molecule in the lower state, another will be emitted from a different

molecule in the excited state. As the system approaches this limit, the measured absorption

becomes dependent on the intensity of light in addition to the characteristics of the sample.

Many gas sensing applications use sample pressures ranging from a few Torr to at-

mospheric pressure at room temperature. Under these conditions, both the pressure and

Doppler broadening contributions will influence the molecular lineshape. Since the linewidths

of the laser sources used here (< 10 MHz) are much narrower than the linewidths of the

transitions (typically > 100 MHz), in practice the measured lineshape is solely determined

by the properties of the gas sample. Generally a Voigt profile, the convolution of Lorentzian

and Gaussian broadening mechanisms, accurately describes the measured spectral line. A

comparison of these three lineshapes is shown in Figure 1.2. Other lineshape models have

been used in the past to describe molecular absorption profiles, for example the Galatry

model that accounts for the secondary effect of Dicke narrowing of the Doppler contribution

Figure 1.2: Gaus-
sian (blue), Lorentzian
(red), and Voigt
(green) profiles. All
lineshapes have equal
integrated areas (1
a.u.2) and FWHM
(1 a.u.), and the
Voigt profile was set
so that the Gaus-
sian and Lorentzian
contributions are
equal.
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due to collisions.7 For the studies conducted in this work, the Voigt model was sufficient in

all cases.

1.2.3 Linestrength

The magnitude of an absorption feature – the total attenuation of light over the frequency

range associated with the transition – is related to the concentration of the target gas

molecule and absorption cross-section of the transition probed. The integrated absorption

cross-section (σ) is an effective area over which an incident photon will be absorbed, which

is related to the likelihood of extinction.

When molecules are irradiated by electromagnetic radiation with an energy correspond-

ing to the energy difference between two stationary states, the photon may interact with

the molecule in three ways: induced absorption, spontaneous emission, or stimulated emis-

sion.5 Absorption spectroscopy is primarily concerned with the first process, which can be

described for a given species X by:

X + hν → X∗ (1.5)

with ν denoting the frequency of the radiation and X∗ indicating the species in an excited

state. Labelling population densities of the lower and upper energy states as N1 and N2,

respectively, the rate of excitation by induced absorption can be described by:

dN2

dt
= N1B12ρ(ν). (1.6)

B12 is the Einstein coefficient for stimulated absorption and is equal in magnitude to the

stimulated emission coefficient (B21) provided that each state has the same degeneracy.

The value of B12 is determined by the overlap of the wave functions of the two states and

the electric dipole operator.5 In order for a transition to be strongly infrared-active, i.e.

B12 6= 0, it must induce a change in dipole moment. The frequency-dependent spectral
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radiation density (ρ(ν)) is related to the incident radiation field amplitude (Einc) by:8

ρ(ν) =
( ε

4π

)
|Einc(ν)|2 (1.7)

with ε denoting the dielectric constant. The rate of excitation is therefore linearly related

to the intensity of the incident light (Iinc ∝ |Einc|2).

The other two processes are the main mechanisms for depletion of the upper state

population to the lower state. Stimulated emission is very similar to absorption and can

be described by: dN2/dt = −N2B21ρ(ν). Spontaneous emission is described by another

Einstein coefficient (A21) which is the inverse of the natural lifetime of the transition.

Therefore, the total rate of population transfer is given by:5,8

dN2

dt
= (N1 −N2)B12ρ(ν)−N2A21. (1.8)

In most circumstances, the excited state population will be quite small compared to the

ground state (N2 � N1), which means that the excitation rate is determined primarily by

B12. This can be converted to the integrated absorption cross-section:

σ =

∫
hN1B12dν. (1.9)

The population density term takes into account temperature-dependent changes in popula-

tion, particularly important for hot band transitions. The population of states with energy

E at temperature T follows a Boltzmann distribution (∝ exp
(
−E
kBT

)
). Values of σ as given

in HITRAN have units of cm−1cm2. To convert to σmax, the maximum amplitude of the

absorption transition (typically at line centre, νo), one must take into account the linewidth

in units of cm−1 (∆ν̃). For a transition dominated by pressure broadening, this can be

estimated by:

σmax = σ(νo) =
2σ

π∆ν̃
(1.10)

where ∆ν̃ is the FWHM of the absorption profile.
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1.2.4 Beer-Lambert Law

The photon density of a beam of light travelling through an absorbing medium will increase

due to emission and decrease due to induced absorption. The attenuation is therefore

related to the product of the photon energy and sum of the rates of these two processes.

Considering light with a linewidth of dν travelling a distance L, this results in:

d (I(ν)dν)

dL
= hνI(ν) [−N1B12 +N2B21] . (1.11)

As the radiation passes through the sample, most of the molecules will generally be in the

lower state, and correspondingly N2 negligibly small. The Beer-Lambert law states that the

incremental change in intensity travelling a short distance (dL) will follow the relationship

dI = −IαdL. The absorption coefficient (α) is a frequency-dependent quantity with units

of cm−1 which can be related to the properties of the gas sample:

∫ ν2

ν1

αdν = B12N1hcxν̄ = σ[X] (1.12)

with ν̄ the average frequency. The value of α is therefore dependent on radiation frequency,

the molecular transition being excited, and the concentration of the target species ([X]). As

the laser frequency can be selected and transition constants are known for these gases, the

only variable to measure is the concentration of the gas. The ratio of the laser intensity

over a given path length (L) with the sample (I) compared to without (Io) can therefore

be used to determine the concentration of the gas species X:

I

Io
= exp (−[X]σL) . (1.13)

This important relationship is the fundamental basis of absorption spectrometers. Two

important components of absorption spectrometers – light sources and detectors – are dis-

cussed next, followed by an introduction to variations in technique.
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1.3 Laser sources

The fundamental characteristics of lasers make them ideal light sources for precise spectro-

scopic measurements. The stimulated emission is directional and nearly monochromatic,

and commercial sources often output high powers with efficient conversion of wall-plug

energy. The emitted frequency and linewidth can often be tuned by the user, providing

flexibility for a range of measurement methods that may be used for varied applications. It

is also desirable to have cheap, compact, room temperature-operated, and stable sources.

Much of the vast collection of previous work on laser spectroscopy-based gas measure-

ments has relied on laser sources emitting in the visible (400 – 750 nm) or near-infrared (750

– 2000 nm). Lasers emitting in the 1310 – 1550 nm region, in particular, are prevalent in

telecommunications and consumer electronics, as well as industrial and domestic sensors, so

their development has been of great commercial interest. Cheap, robust, compact systems

are readily available for these wavelengths, and the optics and detectors are correspondingly

well-developed. For absorption spectroscopy, however, the mid-infrared region (2 – 10 µm)

has great potential for trace gas sensing. Absorption cross-sections are larger in this region,

making it easier to sensitively detect very small concentrations of a target molecule. As

Figure 1.4 shows in Section 1.3.4, this region covers many fundamental stretch and bend

vibrational modes; at room temperature, gases are typically in their ground vibrational

state making N1 in Equation 1.11 large and the likelihood of absorption high. Excellent se-

lectivity can be achieved due to the greater separation of transitions and narrower Doppler

linewidths. From a more pragmatic perspective, detectors in this region are not affected by

stray light, and long-wave radiation is less harmful to human eyes due to absorption at the

cornea (whereas near-infrared and visible can penetrate to the retina).9

There are some drawbacks, mainly due to the lower energy of the radiation. Detectivity

is intrinsically limited by the low photon energy, and detectors often require active cooling

to counteract thermal variations. Optics are harder to source as typical materials (e.g.

quartz) absorb infrared light. However, with the increasing use of mid-infrared sources,

the optics and detector technology are expected to continue to progress as new materials
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are developed. Despite these challenges, mid-infrared absorption spectroscopy is still very

attractive for trace gas detection. The introduction of new laser sources in this region

makes it an exciting area of research, both in building application-based spectrometers and

for studying the fundamental physics of the sources.

1.3.1 Gas, chemical, & free electron lasers

In past decades, a variety of light sources have been used to generate mid-infrared radiation.

A summary of the main sources available in this spectral region is given here, though the use

of many of these systems has declined in recent years and become obsolete due to continued

technological progress.

The earliest infrared lasers were gas and chemical lasers. These are only tunable within

the vibrational bands of the excited molecule, making them useful over small, fixed regions

of the mid-infrared region. CO2 lasers, still commonly used in surgery and industrial etch-

ing, emit around 10.6 or 9.6 µm depending on the transition used.10 The former is more

commonly used, as this is based on the relaxation from the first excited state ν3 (asymmetric

stretch) to the first excited state of ν1 (symmetric stretch).10 The lower wavenumber tran-

sition is based on a different transition involving excitation of the ν2 bending vibrational

mode. All rotational states are involved in the light amplification. The laser properties

can be changed by adjusting the pressure of the gas in the laser cavity and the buffer gas

mixture used. For example, adding N2 increases the number density of molecules in the

upper state (of the 10.6 µm transition) while He atoms aid depletion of the population in

the lower state, both of which increase the population inversion required for laser action.11

Due to the high quantum efficiency of excitation and high pumping efficiency, CO2 lasers

are some of the most powerful commercially available and many achieve continuous wave

(cw) powers of 10s of kW. This makes them very useful for applications requiring a high

intensity – such as surgeries – however use in high resolution spectroscopy is limited by the

relatively broad linewidth and discrete wavelength selection. Even at low pressures, the

emitted linewidth is limited by the Doppler broadening of the molecules, which is about 50

MHz at room temperature.10 CO gas lasers are very similar to their sister CO2 gas laser,
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however these emit around 5 µm and require cryogenic cooling.10,11

Fluoride-based chemical lasers can produce extremely high infrared powers but have

limited utility. HF lasers emit in the 2.7 – 2.9 µm window where strong CO2 absorption

limits any open-path applications. DF lasers, on the other hand, emit at 3.8 µm and can

be used for applications requiring long-range, open-path transmission.11 Since the reactions

involved in the lasing mechanism require highly corrosive F2, DF lasers have been developed

primarily for military purposes. Notably, the US Navy developed a DF laser-based weapon

that can emit over 2 MW of power for several seconds.12

Free electron lasers are powerful sources for electromagnetic radiation from the vacuum

UV to far-infrared but require large facilities and are costly to operate. These lasers, similar

to particle accelerators, use strong magnets to accelerate an electron beam. A periodic

variation of the magnetic poles – an arrangement termed the “wiggler” – causes the electrons

to accelerate in the transverse direction, which results in emitted photons.10,11 Despite the

high cost and poor efficiency, they do fulfil the need for high power, far-infrared light (102

µm region) where many polar molecules have unique spectral signatures.

1.3.2 Diode lasers

Semiconductor materials can be used as laser gain media. In semiconductors, the highest

occupied electronic level (valence band) and lowest unoccupied electronic level (conduction

band) are separated by a characteristic energy band gap (∆E). When a semiconductor

lattice is doped with elements from nearby groups, the properties of the material can be

altered quantitatively. Doping changes the Fermi level of the semiconductor, a thermody-

namic property defined as the highest occupied energy level at absolute zero temperature

that describes the ease by which electrons can thermally populate the conduction band.

Essentially, doping introduces impurities that increase the electronic energy levels near the

conduction band (n-type) or increase the availability of holes in the valence band (p-type).

When a forward-biased voltage is applied across a p–n junction, the electrons and holes

continuously recombine at the junction and a current flows from the p-type towards the n-

type material. By tuning the band gap at the interface and the voltage applied, energy can
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be released from the electron-hole recombination in the form of photons with the desired

wavelength. Light-emitting diodes (LEDs), based on this simple mechanism, are ubiquitous

in products ranging from consumer electronics to household appliances.

1962 was a landmark year for laser science with the demonstration of the first diode

laser at GE.13 In order to turn the diode into a laser, the p–n junction is placed inside a

Fabry-Pérot optical resonator so that photons emitted will bounce back-and-forth, stimu-

lating coherent emission as the recombination across the band gap continues. Within only

a few years, many laboratories across the globe were working on diode laser technology.

The next notable step in innovation occurred in 1968 when the first successful double het-

erostructure laser was demonstrated.14 Unlike the earlier homostructure devices, the double

heterostructure includes a thin active region layer of a different semiconductor material in

between the p- and n-type layers that forms a wave guide to contain the free electrons

and holes and enhance stimulated amplification. These devices are characterized by low

threshold currents due to effective wave guiding by the cladding material and small band

gap in the active region compared to the cladding, leading to fewer losses in the wings.14,15

The initial work was based on GaAs; as with other III-V semiconductors, these band gaps

were limited to photon energies in the visible and near-infrared. Commercial interests in

the telecommunications sector pushed the development of diode lasers in the 1310 – 1550

nm region. Quite quickly, however, a new branch of the field emerged focussing on lead-

based IV-VI semiconductors emitting in the 4 – 10 µm region.11,16 Lead-salt lasers were

the established mid-infrared laser source for many decades, however the cryogenic cooling

requirement for cw operation was never overcome and they have since become very nearly

obsolete. Effective cooling becomes increasingly vital for longer wavelengths where the

energy band gap decreases and becomes comparable to the thermal energy.

1.3.3 Optical parametric sources

Ultimately, diode lasers have not become an ideal source of mid-infrared light for spec-

troscopy due to limitations on the material and operating temperature: increasing doping

to extend the wavelength range increases Auger (non-radiative) recombination; and the
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small band gaps required for longer wavelengths imposes limits on the maximum operat-

ing temperature, well below room temperature for cw lasers. For several decades, tunable

mid-infrared radiation was produced instead by shifting the wavelength of near-infrared or

visible sources using non-linear optical methods. Optical parametric oscillators (OPOs) and

difference frequency generation (DFG) – a type of optical parametric amplification – have

been the most common non-linear techniques for this region. Optical parametric processes,

in general, involve amplification of a signal beam (νS) from a strong pump beam (νP ) with

momentum conserved by the simultaneous generation of an idler beam (νI). The frequencies

must obey νI < νS < νP . DFG is, as the name suggests, the generation of an idler beam

at a frequency that is the difference of input signal and pump beams.17,18 The power of

the output beam, proportional to the powers of each of the inputs, can reach up to 100s of

µW in a well-aligned system with 100s of mW of input power.19,20 The wave mixing occurs

in a non-linear crystal, usually made of periodically poled lithium niobate (PPLN) crystal,

where the pump and signal fields must be phase-matched. The PPLN crystal is only trans-

parent to wavelengths up to 4.6 µm and therefore does impose some spectral limitation,

although other non-linear crystals can be used to produce light at higher wavelengths.21

OPOs use a non-linear dielectric material to split the pump energy into photon pairs.

Theoretically, an infinite combination of frequencies can be produced from a given pump

input, however tuning the phase-matching conditions allows the selection of a single pair of

frequencies. OPOs use a resonator to pass the pump beam through the crystal many times

in order to maximize the output signal power. The resonator can be used to selectively

output only the signal beam if the path length is resonant with the signal frequency but

non-resonant with the pump and idler. Fibre-based OPOs have been demonstrated to

output powers of up to a few Ws in pulsed or cw mode.22–24 Although both techniques

allow the flexibility of producing high quality beams within a large spectral region using

readily available near-infrared and visible sources, the systems are complex and difficult to

incorporate into field-ready instruments.
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Figure 1.3: (a) Schematic showing two active regions in an intersubband QCL. A voltage is
applied across the semiconductor layers (indicated by different-coloured shading), causing electrons
(blue circles) to relax radiatively (red arrow) in the active region from an upper to lower state within
the same band. Usually there is a third energy level below the lower one to encourage depletion
and thereby maintain population inversion. The electrons then tunnel through the injector region
(dashed arrow) before coming to the next active region. (b) A similar schematic for ICLs showing
the radiative recombination of electrons (blue) and holes (green) in the W-shaped potential well of
the active region. The electrons then tunnel through the injector region. The ICL generally includes
more variations of doped semiconductor material to achieve the required potential surfaces, as shown
by the multiple shaded regions.

1.3.4 QCLs

Fortunately, a different semiconductor laser was developed to meet the mid-infrared chal-

lenge. Kazarinov and Suris first proposed the idea of intersubband semiconductor transi-

tions in 1971.25 Intersubband lasers generate photons via an electronic relaxation within

the conduction band rather than electron-hole recombination across the energy band gap.

In order for this mechanism to produce the required photon densities, many of these inter-

subband transitions occur in series across the semiconductor chip, causing the electrons to

“cascade” down a stairway of potentials when a voltage is applied. The actual realization of

the device, however could not be achieved until molecular beam epitaxy methods for precise

semiconductor layering had improved. Jérôme Faist and co-workers at Bell Laboratories

demonstrated the first mid-infrared quantum cascade laser (QCL) emitting at 4.2 µm in

1994.26 Progress was rapid with the first cw QCL operational the following year, room

temperature pulsed lasers introduced in 1996, and cw, room temperature lasers produced

from 2001.27–29

Figure 1.3 (a) shows a schematic of the QCL chip, a repeated pattern of semiconductor
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layers broadly classified as active and injector regions. In the active region, which can

be described using a simple three-level system, electrons first radiatively relax between

subbands with the photon wavelength dependent on the energy separation E32, followed

by a non-radiative relaxation to a lower state. The E21 energy is similar to the phonon

resonance, making the time constant of this relaxation (τ21) on the order of only 300 fs.

This ensures that the lower state of the radiative transition remains depopulated in order

to maintain a population inversion. The electrons then proceed into the injector region

where they tunnel through a series of minibands and are injected into the upper state

of the next transition. Typically this process is repeated 20 – 30 times in a single chip,

which requires up to 1000 separate layers to be fabricated with thicknesses ranging from

0.5 – 10 nm. The minibands of the injector region allow greater current flow in order to

enhance the potential output power of the device. The wavelength emitted can be tuned

somewhat by changing the current applied across the chip, but the main determinants

are the thickness and composition of the semiconductor layers. Typically mid-infrared

QCLs contain InGaAs/AlInAs or GaAs/AlGaAs combinations.30 Continued progress in

QCL technology has extended the coverage from 3 to about 15 µm, which covers many

important vibrational bands where other semiconductor lasers are unavailable as shown in

Figure 1.4, though losses increase at longer wavelengths.

Quantum cascade laser devices can broadly be grouped into three types based on the

wavelength selection mechanism: Fabry-Pérot, distributed feedback (DFB), and external

cavity (EC). For Fabry-Pérot lasers, the simplest type, a resonator is formed in the wave

guide material by cleaving and polishing the chip faces. While these lasers can produce high

powers and have been successfully used for gas sensing, multimode emission makes them

unattractive for high resolution trace gas spectroscopy.32 DFB-QCLs are fabricated with a

distributed Bragg reflector on the top surface of the chip formed by alternating the thickness

of the top layer material. Due to the interference of reflections off the reflector, only one

wavelength within the gain spectrum of the chip experiences constructive interference and

is emitted. The emission linewidth from DFB lasers is typically quite narrow and becomes

limited in practice by the stability of the applied current to ≤ few MHz. The Bragg grating
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and gain medium have different temperature dependencies, limiting the range of frequencies

that can be produced by a single DFB-QCL chip to typically 10 cm−1. This means multiple

lasers may be required for multiple gas measurements. Conversely, broad tunability is an

advantage of EC-QCLs, which use an external grating system for wavelength selection, and

can cover > 100 cm−1. Mechanical tuning of the grating is limited to rates ≤ 1 kHz; rapid

modulation with small (up to a few cm−1) frequency excursions can only be applied via the

driving current. The laser chips are capable of emitting a broad range of wavelengths since

active regions within the same chip can have different structures without interrupting the

electron cascade. Due to the added complexity of the external piezo-mounted grating and

mirrors these lasers tend to be quite costly, and their linewidths (≤ 20 MHz) are typically

broader than DFB systems. All types can be used for cw or pulsed emission, though the

trace gas sensing applications explored in this work utilized only cw systems.

Single mode, cw DFB and EC-QCLs have many characteristics that make them ideal
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Figure 1.4: Schematic of typical frequencies for vibrational modes involving common groups
adapted from Waynant et al.31 Stretching vibrations are indicated in blue, while fundamental bend-
ing modes are in yellow. Below are the regions currently covered by commercially-available laser
systems. Absorption spectroscopy based on ICLs and QCLs, indicated in red, is included in this
thesis. Note: TDL = tunable diode laser; VCSEL = vertical-cavity surface-emitting laser.
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sources for mid-infrared spectroscopy and are attractive alternatives to gas lasers or non-

linear systems (see Table 1.1). Unlike diode lasers, QCLs have a single charge carrier

mechanism (i.e. only electrons instead of electrons and holes). This eliminates broadening

due to spontaneous recombination, and so QCLs intrinsically have narrow linewidths (gain

spectra) typically on the order of a few MHz without any active stabilization.33,34 The pri-

mary fundamental limitation is phonon broadening, though in practice noise on the laser

drivers determines the laser linewidth.35 Linewidths as low as 5.6 Hz have been achieved

by beating two QCLs locked to optical cavities, though even simply locking a single laser

to a transition or cavity has been shown to decrease the linewidth to 10s of kHz.33,36,37

Thanks to rapid improvements in design, commercially-available lasers can emit hundreds

of mW of power while operating at room temperature or with a simple thermoelectric cool-

ing system. The lasers are compact – the chip itself is only on the order of a few cubic

millimetres. The light is linearly polarized when emitted from the semiconductor chip edge

with an astigmatic divergence that can easily be rectified using an aspheric lens for collima-

tion.38 The intersubband transition mechanism makes it possible to fabricate broadband

QCLs with different layers; unlike interband semiconductors, the intersubband transition

does not absorb at the high (or low) frequency end of its gain spectrum and the unipolar

mechanism facilitates cascading even through different active regions.39 Short wavelength

QCLs (≤ 4 µm) are limited, particularly at room temperature, by the requirement for a

very high conduction band offset, and the development of different layer compositions has

only recently been shown to produce QCLs with output wavelengths down to 3 µm.40,41

1.3.5 ICLs

Commercially-available QCLs are still limited at short wavelengths (< 4 µm), which has

left a gap in the semiconductor market between about 2 – 4 µm, a key spectral region for

many hydrocarbons as shown in Figure 1.4. The introduction of interband cascade lasers

(ICLs) filled this gap between QCLs and near-infrared diode lasers in the 2.7 – 5.5 µm

window.42 This makes them ideally suited for probing important C-H stretches in the 3 µm

spectral region. First proposed in 1995, ICLs are still a nascent technology and only recently

became available with single mode cw output and room temperature operation.43–46 The
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Table 1.1: Key features of light sources commonly used for high resolution infrared spectroscopy.
Lead salt solid state lasers, though used widely in previous years, have become obsolete due to the
requirement of cryogenic temperatures for cw operation.
*Values often limited by drivers
†Beams are intrinsically divergent, however optics can be inserted near the laser facets to minimize
this effect
‡ This is the Doppler linewidth at room temperature – the linewidth of specific lasers will depend on
the pressure of the gas mixture used

QCL ICL CO2 DFG/OPO

Output power >200 mW (DFB) 3 mW (DFB) 100 kW 1 mW

Linewidth < MHz* < MHz* 60 MHz‡ 1 MHz

Single mode 3 3 3 3

Tunable wavelength 3 3 X 3

Low noise 3* 3* X 3

Good beam quality 3† 3† 3† 3

Fast modulation 3 3 3 3

Room temperature 3 3 3 3

Compact size 3 3 3 3

Cost £4,500 £10,000 £15,000 ≥ £10,000

lasing mechanism is essentially a hybrid between QCL and diode technology. As for diode

lasers, the photons are emitted upon the recombination of an electron-hole pair across a

band gap. These type II semiconductors are sometimes referred to as “W” diode lasers

due to the unique shape of the potential in the active region, shown in Figure 1.3 (b).47,48

However, as for QCLs, a series of potential wells in series are used to stimulate laser emission.

The current state of technology does limit room-temperature (or thermoelectrically cooled),

single mode, cw DFB-ICLs to output powers in the few mW range. Small-scale commercial

production of these lasers is maturing and active research in the area promises significant

improvements in power and stability – and decreases in cost – in the coming years.

1.4 Detection

Detection is clearly a key component of absorption spectroscopy. A good detector for gas

absorption spectroscopy measurements must be able to detect mid-infrared photons at low

photon-densities and have a fast response time.

Optimal detector performance can be characterized by a number of parameters.11 The
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simplest perhaps is the quantum efficiency (η), which is the ratio of the charge carriers

produced per photon absorbed. A large η ensures that small photon number densities

will still produce a sufficient current to be measurable above baseline noise. This can be

converted into a current per photon energy value, termed the responsivity (R∗):

R∗ =
eη

hν
. (1.14)

For measurements requiring high time resolution, it is necessary to also have a fast response

time, or rise time, so that the finite time delay between signal change and measurement is as

short as possible. This is related to the bandwidth of the detector, such that detectors with

fast response times will have large bandwidths (∆f). The detectivity (D∗) of a detector

takes this factor into account:11

D∗ =
Vs
Vn

1

I
√
A∆f

(1.15)

where Vs and Vn are the voltage amplitudes of the signal and noise, respectively, I is the

incident optical field intensity, and A is the detector area. Detectivity and response times

of detectors used in this work are given in Table 1.2.

1.4.1 Detectors

For studies requiring sensitive detection, photovoltaic devices are the most common mid-

infrared detectors. These are a type of photodiode that work essentially as the reverse of

a diode light source: a photon impinging on the semiconductor surface causes an electron

to jump from the valence to the conduction band at a p–n junction, which is detected

as a change in electric potential across the chip.11 The devices are generally run with a

reverse bias across the junction, meaning a positive voltage on the n-type side, for a more

linear response. The band gap determines the spectral limit of the device – the energy of

the photon absorbed must be greater than the band gap in order to be detected. Mercury

cadmium telluride (MCT) is the most common semiconductor material used for mid-infrared

detection as the amount of Cd doping in the alloy allows band gap tunability over the 1 – 25
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Table 1.2: Manufacturers’ specifications for detectors used in this work. Data for MCT detector
applies to λ = 8 µm.

Detector Wavelength Detectivity Response time

PVMI-3TE-10.6 (VIGO) 1–11 µm 1.8× 109 cm Hz−1/2 W−1 ≤ 3 ns

PVI-2TE-6 (VIGO) 2–7 µm 3.5× 109 cm Hz−1/2 W−1 ≤ 15 ns

PVI-2TE-4 (VIGO) 2–4 µm 3.3× 1011 cm Hz−1/2 W−1 ≤ 20 ns

WinCamD-FIR2-16-HR
(DataRay)

2–16 µm NA 16 ms

MCT J15D12-M204-S01M-
10-CAF2
(EG&G)

2–12 µm 1× 1010 cm Hz−1/2 W−1 0.5 µs

µm spectral range. Although AC and DC MCTs often require liquid N2 or water cooling,

room temperature devices are also available.49

Beam imaging in the mid-infrared can be achieved with bolometers. A bolometer

contains a sensing surface composed of a material with a high temperature coefficient of

resistance, which means the potential across the detector is highly dependent on tempera-

ture.11 An array of individual, temperature-dependent pixels allows imaging of the beam’s

spatial profile. These devices have a much slower time constant compared to photovoltaic

devices and are more susceptible to thermal disturbances. They are, therefore, typically

used for analysis of beam quality rather than for measuring signal intensity. Characteristics

of specific detector models used in this thesis are given in Table 1.2.

1.4.2 Quantifying sensitivity

Consistently, accurately, and precisely measuring spectra is a constant battle against nu-

merous sources of noise and errors. It should be noted here that, for semiconductor lasers,

the amplitude and laser frequency are interrelated so deviations of one will also be manifest

to some extent in the other. White noise or slow drifts of laser output can be introduced

through any of the devices that control the laser, including the current and temperature

drivers and signal generators. Mechanical or acoustic disturbances from nearby labora-

tory equipment, particularly the vacuum pumps required for many experiments, can also

contribute a source of random noise. Any time-dependent alteration of the sample – for

example leaks from a sample cell or temperature fluxes – will limit the value of averag-
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ing data and may result in inaccurate measurements. The detector signal may drift over

time as the sensing elements warm up, thereby adding its own white electrical noise to

the output; mid-infrared detectors are especially susceptible to voltage changes caused by

thermal fluctuations due to the necessary low band gaps. Though not a type of noise per

se, the acquisition bandwidth is often a significant limitation to optimizing the system due

to processing times, finite sampling rates, and bit noise from analogue-to-digital conversion.

Countless ways of assessing sensitivity for trace gas measurement are reported in the

spectroscopy literature with different authors favouring different ways of quantifying the

quality of their methods. There is no universal way to quantify the sensitivity and stability

of measurements, however determining a set of values that assess different uncertainties,

such as those listed in Table 1.3, can provide a fairly complete picture of the potential of a

technique and quality of a measurement.

The Allan-Werle variance analysis is a widely accepted way of assessing temporal sta-

bility and identifying contributions to uncertainty – indeed, it is almost taken for granted

in the spectroscopy community that an Allan-Werle variance plot will be presented when

reporting on a new study. This statistical method was first introduced in the field of atomic

clocks with a paper by David Allan in 1966.50 In this article, he laid out the fundamental

idea: the variance of a measurement – in this case of oscillator frequency – is determined

for a range of averaging times and plotted on a log–log scale. Nearly three decades later,

Werle et al. applied this principle to tunable diode laser absorption spectroscopy.51 In this

seminal work, the authors proposed using Allan plots to identify different sources of noise

and identify the optimal averaging time for gas concentration measurements.

Different types of noise will show different averaging time dependence, as shown in

Figure 1.5. For an ideal measurement when random white noise is the only source of

uncertainty, the variance decreases linearly with averaging time on the log-log scale due to

the relationship σ2 ∼ τ−1 for frequency-independent noise. Any 1/f frequency-dependent

noise will contribute a constant variance with no averaging time dependence. An upward

slope on the plot for longer averaging times indicates drifts in the system and may create a

turning point in the plot that limits the optimal averaging time for minimum variance.
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Table 1.3: Definitions and units of commonly quoted sensitivity values.

Sensitivity value Symbol Units

Minimum detectable concentration cmin ppm (or similar)

Minimum detectable absorption coefficient αmin cm−1

Minimum detectable absorption MDA [unitless]

bandwidth normalized Hz−1/2

Standard deviation (Allan-Werle) σAW [intensity units]

Residual of fit σres [unitless] or cm−1

Noise equivalent absorption sensitivity NEAS Hz−1/2 cm−1
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Figure 1.5: Sample Allan-
Werle variance plot with the nor-
malized signal variance (black)
calculated as a sum of white
noise (grey) and 1/f noise
(pink), as well as long-term drift
(blue).

In laser spectroscopy, the Allan-Werle analysis is a commonly-used statistical tool at

many stages of an experiment. New lasers, laser current drivers, and detectors are subjected

independently to Allan-Werle tests to ensure that the output demonstrates only low-level

white noise over extended time periods without any drifts that will impact experimental

measurements. When an experiment is set up for measuring gas concentration, the optimal

signal averaging time can be determined by either analysing the variance of the measured

signal amplitude or the calculated concentration of the gas. This can often help identify

ways to improve the experiment.

Allan-Werle variance analysis only demonstrates the stability of the system and is not

a true representation of the accuracy or precision of the method. For example, a consistent

etalon feature on a baseline will increase the uncertainty of the spectral fit but will not
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contribute to a variance dependent on averaging time. Therefore, it is also necessary to

quantify the quality of the fit and signal-to-noise ratio (SNR) of the measurement.

One common way to report sensitivity is by the minimum detectable absorption (MDA),

which is simply the 1σ value of a specified fit to absorption data (σres) for a stated averag-

ing or acquisition time.52 A bandwidth-normalized value is an even more rigorous way of

defining the sensitivity – in this case, the MDA is normalized to the limiting bandwidth of

the system. In most cases, the limiting bandwidth is determined either by the data sam-

pling (acquisition) rate or the operating bandwidth of the detector. Performing identical

experiments with two different detectors may give different MDA values if the bandwidths

of the two sensors are very different, which accounts for the signal being smoothed out when

using low bandwidth detection. Typically, bandwidth-normalized values are called “noise

equivalent”.

In the analyses presented here, 1σres values of absorption spectra measurements are

determined using a non-linear fit, unless otherwise indicated. The data (y) are fit to an

appropriate function (yo) – typically a Voigt profile as noted in Section 1.2.2 – and the

residual of the fit determined (|yo − y|). As is typical in non-linear variance analysis,

the standard deviation (σres) takes into account the number of degrees of freedom of the

fit, which is equal to the number of data points in the fit (n) less the number of fitting

parameters that can be changed in the fitting routine (nfit):
53

σres =

(∑n
i=1 (yoi − yi)2

n− nfit

)1/2

. (1.16)

When an instrument is designed for a specific application, or at least for a specific

target molecule, the scientist making the measurement mostly cares about whether it is

capable of measuring sufficiently low concentrations for a particular study. Therefore, a

minimum detectable concentration (cmin) is a practical value to report. This is only useful

when comparing techniques that measure the same gas molecule; since each species will have

different cross-sections in a given spectral window, the same MDA may result in different

cmin values for different gases.
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1.5 Techniques

In its most basic form, a laser absorption gas measurement involves the laser source, a sample

cell, and a detector. As the laser frequency is scanned, the intensity reaching the detector

will decrease relative to the amount detected without the presence of the absorbing gas,

and the Beer-Lambert law (Equation 1.13) can be applied. This basic method is suitable

when a large volume fraction of the target species is present and the laser frequency excites

a transition with a large cross-section. In many scenarios, however, there is only a small

amount of the target species present, which means there will only be a small change in the

signal intensity on the detector and the signal-to-noise ratio of the system may be insufficient

to accurately measure a concentration. Therefore, trace gas species measurements often

require more advanced spectroscopic techniques.

1.5.1 Long distances

There are two ways to increase sensitivity: increasing absorption signal or reducing the

noise on the signal. The value of σ is limited by the transitions accessible to the laser

free from complications arising from interference with absorption from other species. Since

the concentration is the independent variable, the only additional adjustable parameter

to change in Equation 1.13 is the path length; the method by which the path length is

increased varies on the application and environment.

In atmospheric chemistry, it is possible to collect the laser beam after it has travelled

kilometres through the air. Light detection and ranging (LIDAR) was initially developed

to take long distance meteorological measurements.54 Since then it has proven to be an

extremely important tool in a wide variety of fields from seismology to archaeology to

public safety. LIDAR, also known as laser radar, uses echoes – reflections of laser light

– to determine distances and properties of targets far away in the same way that sonar

(sound waves) and radar (radio waves) work. While gases do not effectively reflect light,

simultaneous measurements at two different wavelengths can be used to semi-quantitatively

resolve concentrations of a particular species.55
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In most cases, however, it is not practical or possible to make measurements along a

straight path of such long distances. Multipass cells offer one option for enhancing optical

path length within a compact system. These systems use special configurations of mirrors

to reflect light through the sample several times before being detected. One of the earliest

incarnations of this type of system was the White cell, introduced in 1942.56 A single large

spherical mirror is placed opposite a pair of smaller spherical mirrors in such a way that a

beam directed past the edge of the single mirror onto one of the pair will bounce back-and-

forth several time before exiting past the opposite edge. Small adjustments to the mirrors

allows easy tunability of the number of passes, and thus the path length, within the sample

volume. This type of cell is still widely used for modern laser absorption spectroscopy. A

similar system developed in 1965, called a Herriott cell, uses only two spherical mirrors but

operates on a similar principle.57 The beam, in this case, enters and exits through a hole in

the centre of one mirror, and the number of passes is controlled by the mirror separation.

Multipass cells using cylindrical mirrors are an attractive alternative due to their com-

pact size and easy path length tunability. The beam enters and exits through central holes in

the opposing mirrors, and a dense optical pattern of beam reflections can be tuned by both

the relative rotation of the mirrors, as well as the separation distance.58 The diminutive

size of these systems, which can be small as a few cm3, makes them particularly attractive

for field and clinical applications. Absorption in multipass cells follows essentially the same

behaviour as single pass absorption since successive passes do not overlap significantly in

space. The total path length is limited by the number of discrete passes that can be tra-

versed without overlap or a portion of the beam being clipped by the edge of the mirrors

or entrance and exit holes; typical optical path lengths range from metres to hundreds of

metres depending on the length of the cell and diameter of the mirrors.

Optical cavities are popular for sensitive absorption spectroscopy where even longer

path lengths are desired. Briefly, an optical cavity is composed of a set of mirrors coated

with a high reflectivity dielectric coating at the laser wavelength deposited upon a slightly

transparent substrate. A small portion of an incident field will be injected into the cavity,

and these photons will bounce back-and-forth along the same path many thousands or tens

36



Chapter 1. Laser Absorption Spectroscopy

of thousands of times on average before leaking out of the cavity through one of the mirrors.

While cavity-based techniques have the added complication of interference of the intracavity

field, it is quite common to achieve optical path lengths of kilometres on an optical bench.

Chapters 3 – 5 discuss the theory and implementation of various cavity-based methods for

trace gas sensing.

1.5.2 Modulation

If it is not possible or practical to increase the signal, SNR can be improved by reducing

the noise. There are various sources of noise, as mentioned in Section 1.4. Averaging the

signal decreases effect of white noise, however this is of limited value if the signal drifts or

exhibits low frequency fluctuations. Another major contributor is 1/f noise, or pink noise,

that increases for lower frequency measurements. There are many contributions to this, for

example from interactions of current carriers, diffusion, or imperfections on the detector.

This noise can be alleviated by applying a high frequency modulation to the laser; after

demodulation of the signal, which can be accomplished electronically, the original signal is

retrieved without interference from low frequency noise.

Frequency modulation spectroscopy (FMS) and wavelength modulation spectroscopy

(WMS) are the simplest variants, with a single, high frequency voltage applied to the laser,

in most cases via the driving current.59 The detected signal is demodulated at the same

frequency using a lock-in amplifier to produce a harmonic signal, which is effectively a first

or higher order derivative of the original absorption signal. Absolute concentration mea-

surements can only be made after the spectrometer has been calibrated or the experiment

has been quantitatively modelled. Frequency and wavelength modulation techniques are

discussed more comprehensively and examples given in Chapter 2.

Another modulation-based technique is photoacoustic spectroscopy (PAS).60–62 This

fascinating marriage of light and sound uses amplitude-modulated laser radiation to excite

vibrations in a target molecule which manifest as temperature changes oscillating at the

same frequency. Pressure waves in the gas are generated by the temperature fluctuations

and picked up by a microphone or other sound-sensitive device. Recently, quartz tuning
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forks, which are produced cheaply for watches and other commercial electronics, have been

shown to be excellent, low-noise detectors for this technique in a variation called quartz-

enhanced photoacoustic spectroscopy (QEPAS).63,64

Free radicals are chemically reactive species that are very important in kinetics and

atmospheric chemistry. Faraday modulation spectroscopy (FAMOS) is a suitable method

for selectively detecting molecules these molecules by exploiting characteristics of unpaired

electrons.65,66 In this case, an external magnetic field around the sample oscillates at a

high frequency (∼ kHz). This produces an oscillation in the measured light polarization

when an appropriate absorbing molecule is present that can be demodulated using a lock-in

amplifier.

Some of the best sensitivities achieved in trace gas sensing have been reported using

noise-immune cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS).

This technique takes advantage of the noise-reduction benefit of frequency modulation and

the path length enhancement offered by optical cavities; by carefully selecting the mod-

ulation frequency, FMS can be performed inside an optical cavity, effectively eliminating

signal amplitude noise.67,68 NICE-OHMS does, however, require a rather complicated exper-

imental set-up with precise electronics, and is generally only suitable for laboratory-based

studies.

1.5.3 Alternative methods

Laser-based absorption spectroscopy is not the only trick up the metaphorical sleeve for

trace gas measurements. Upon absorption of radiation, molecules may relax in a variety

of ways. Radiative relaxation mechanisms, such as fluorescence, provide alternative mea-

surement signatures. Laser-induced fluorescence has proven robustness for atmospheric

field measurements.69 Notably, the technique has been employed very successfully for in

situ measurements of OH and HO2 radicals in the troposphere.70 Coherent anti-Stokes Ra-

man spectroscopy (CARS) is another sensitive non-linear technique based on emission at

the anti-Stokes frequency of a Raman-active transition stimulated by multiphoton absorp-

tion.71,72 As this technique typically requires two or three high power, pulsed beams and
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precise alignment conditions, it is unsuitable for many applications. Only gas molecules

with strong Raman transitions or transitions with a high quantum efficiency for relaxation

by fluorescence can be measured with these techniques, so their applicability is limited.

Mass spectrometry (MS) is the major rival methodology to optical techniques that uses

molecular mass (m) and charge (z) rather than energy levels to identify samples. Whereas

most sensitive laser-based spectrometers target a specific molecule, MS measures all species

within the sample. This creates its own problems since fragmentation can lead to many

species having the same m/z value within a given ionized sample. Additionally, established

ionizing techniques were, for many years, not compatible with continuous, on-line sampling

required for breath analysis and some in situ atmospheric measurements. The recent de-

velopments of selected ion flow tube mass spectrometry (SIFT-MS) and proton-transfer

reaction mass spectrometry (PTR-MS) have now opened up this possibility.73,74 These rely

on soft chemical ionization, usually targeting specific types of molecules such as volatile

organic compounds (VOCs), followed by transport in a buffer gas through a drift flow tube.

Both techniques have been used with some success in real-world applications, including at-

mospheric and physiological measurements; indeed, PTR-MS has become a routine method

for measuring VOCs in the atmosphere.75–77 However, while the sensitivity of these tech-

niques is high and continually improving, the instruments are still bulky, expensive, and

require technical expertise to operate and interpret data.

1.6 Examples of applications

Mid-infrared spectroscopy has proven to be an important measurement technique that can

be adapted across a wide gamut of gas sensing applications – an exhaustive discussion of

all the fields utilizing the technique is far beyond the scope of this thesis. The breadth of

research applications based on various types of mid-infrared spectroscopy with different light

sources is testament to its growing importance. A few examples of gas sensing applications

using mid-infrared laser absorption spectroscopy are listed here.

One of the main motivations for the development of very sensitive gas spectrometers is

the need to understand the changes in atmospheric composition and properties as a result of
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industrialization and a rapidly growing human population. Atmospheric gas measurements

have focused on four areas: changes in composition, chemical reactions, identification of

sources and sinks, and monitoring of air quality. For example, flux measurements of CH4

isotopes using a DFB-QCL and multipass absorption cell provide information about sources,

important for estimating uncertain CH4 emissions.78 Similarly, scientists demonstrated that

more open, outdoor pig farms were a less significant source of CH4 and N2O compared to

closed-in farms using manure slurries using a quantum cascade laser-based instrument.79

Ground measurements are fairly straightforward, but measurements over larger areas and

higher altitudes require launching the instruments on balloons, aircraft, or spacecraft where

they must remain functional – without adjustment – while experiencing extreme mechanical

disturbance and temperature changes. Lead salt tunable diode lasers and mid-infrared

QCLs have been transported to the stratosphere on high-altitude balloon and aircraft for

accurate measurements of CH4 and N2O profiles that would be impossible from ground-

based observation80–84

Air quality is an important safety concern, especially where air is scarce. Recently,

a tunable diode laser-based spectrometer was sent to the International Space Station to

monitor O2, CO2, NH3, and water vapour for crew safety.85 Gas sensors are necessary to sniff

out explosive materials, and are particularly useful for assessing people or objects metres

away. For example, it is important to check vehicles for traces of explosives at security

checkpoints – this motivation led to the development of an OPO-based spectrometer for

detection of TNT, RDX, and other traces species commonly used for bomb-making.86 The

capabilities of mid-infrared spectroscopy to measure acetone, C2H6, CO, NO, NH3, CH4,

COS, and CO2 isotopes have already been demonstrated using various techniques, with

many groups continuing to pursue research in this area.87–92

Gas sensors are not only used for passive monitoring. Semiconductor manufacturing

requires precise control of levels of different components in plasma reactors. DFB-QCLs

have been used to make continuous measurements of industrial plasma and actively control

the amounts of C4F8 and SiF4 in the chamber using mass flow controllers.93 As a further

example, the full potential of human breath analysis for medical diagnostics is only starting
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to be realized.94,95

These are only a few examples that give a flavour of the wide variety of applications

that have benefited from mid-infrared laser spectroscopy. There are numerous other applica-

tions where mid-infrared laser-based absorption spectroscopy may usurp other gas detection

methods in the future from food safety to geology to forensics.96–102

1.7 Target gas species

Target gas species included in this thesis were primarily selected for their physiological or

atmospheric relevance. Physicians and physiologists are increasingly appreciating the power

of breath analysis for health diagnostics, and certain trace components of breath can serve as

an early warning indicator of disease or can be used to track the effectiveness of treatment.95

Atmospheric studies also rely heavily on trace gas detection, both for studying chemistry

and transport in the troposphere and stratosphere, and for monitoring emissions for health

or regulatory purposes. Key greenhouse gases (GHGs) that affect the radiative forcing of

the planet have been identified, and quantifying sources and sinks is vitally important for

predicting future changes to the climate and oceans.103 Volatile gases, which must be tested

at the source or in the laboratory, cannot be overlooked as products of reactions with other

species may include GHGs and secondary pollutants. Detailed descriptions of the molecular

properties and relevance of target species are included in subsequent chapters.

1.8 Outline of thesis

The thesis is divided into four chapters of results, grouped by methodology:

• In Chapter 2, frequency and wavelength modulation techniques are described. A 8.2

µm distributed feedback quantum cascade laser (DFB-QCL) is frequency stabilized

using a LabVIEW program that generates an error signal to keep the laser frequency

locked to a transition of CH4 in a low-pressure reference cell. Long-term drifts in

laser frequency were mitigated with this protocol, making this technique useful for

measurements requiring long-term averaging. The second experiment used a 5.3 µm

DFB-QCL to measure NO using frequency modulation spectroscopy (FMS). Despite
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residual amplitude modulation distorting the measurement, the FMS signal could be

fit to a theoretical model and demonstrated an improvement in signal-to-noise ratio

compared to the direct absorption measurement.

• Chapter 3 delves into cavity-enhanced absorption spectroscopy (CEAS). A 5.3 µm

DFB-QCL was used to measure CO2 in an off-axis linear cavity arrangement. Resid-

ual mode structure, often the limiting factor determining sensitivity, was effectively

removed by applying a broadband radio frequency perturbation to the laser driving

current. The uncorrelated noise, supplied by a simple device introduced between the

current driver and laser, broadened the apparent linewidth of the laser. This addition

of noise both enhanced the sensitivity ten-fold compared to the unperturbed condi-

tion and made the system more robust. This broadband perturbation is more effective

than the usual method of applying a single frequency perturbation as it both shows

a greater enhancement in sensitivity and is more flexible for adaptation in a range of

systems.

• After introducing the theory of optical-feedback cavity-enhanced absorption spec-

troscopy (OF-CEAS) with V-shaped cavities, Chapter 4 presents the first demonstra-

tions of this technique with distributed feedback interband cascade lasers (DFB-ICLs)

and an external cavity quantum cascade laser (EC-QCL). Experiments were performed

with a 3.24 µm DFB-ICL at INP Greifswald and resulted in the first peer-reviewed

publication of OF-CEAS with an ICL. Subsequent experiments in Oxford used a

3.29 µm DFB-ICL for measurements of several VOCs, and demonstrated improved

sensitivity. OF-CEAS was also performed for the first time with a 5 µm EC-QCL.

Although spectra of N2O were measured with similar levels of precision, persistent

mode-hopping of this early-generation laser prevented further study.

• The final results chapter, Chapter 5, combines theory and experimental data to

demonstrate the use of a linear optical cavity for OF-CEAS trace gas measurements.

Simulations of this new variation of OF-CEAS were developed that agree well with

measured results. Spectra of CO2 collected with a high power 5.3 µm DFB-QCL

yielded an experimental sensitivity on par with the best V-shaped cavity QCL-based
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systems. Since other cavity-based experiments can easily be converted to linear OF-

CEAS systems, establishing the precision and robustness of this simple geometry may

open the door for more groups to utilize this trace detection technique.

• Conclusions and future work are then presented in Chapter 6.
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Chapter 2

Frequency Modulation: Laser Stabilization and Gas

Detection

White, pink, violet, and grey noise – in any quantitative measurements, the challenge

of differentiating true signals from a rainbow of systemic fluctuations is universal. In

semiconductor-based devices, including lasers and detectors, performance is often limited

by noise that scales with 1/f , also known as pink noise. The magnitude of the fluctuations

therefore decreases for higher signal frequencies. However it is not practical to increase the

rate of laser scans indiscriminately as distortions and acquisition issues may arise if the

laser is scanned too quickly over an absorption feature. Other tricks must be applied in

order to increase frequency without affecting the accuracy of the measurements. One way

of achieving this is to increase the frequency by applying a high frequency modulation to

the signal for heterodyne detection.

Modulation can be applied in a number of ways, including at the laser source in fre-

quency or amplitude variations,59,104 on the sample itself with an oscillating magnetic field65

or electric field105, or by using an optical chopper to interrupt the signal.106 By selectively

measuring signal components at the applied modulating frequency, the desired absorption

signature can be recovered with low frequency noise efficiently filtered out. The demodu-

lation to select the right frequency components can be accomplished electronically using a

simple demodulator, or in the case of quartz-enhanced photoacoustic methods, by a tuning

fork resonant at the modulation frequency.63 Lock-in amplifiers, as discussed below, are one
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of the most powerful and versatile instruments available for phase-sensitive detection and

Fourier component demodulation.

In this chapter, the general theory of modulation spectroscopy techniques is discussed

and two experiments involving laser modulation of QCLs are described. In the first, a rapid

laser frequency modulation allows derivative-like signals from a reference gas cell to be used

to actively lock an 8.2 µm DFB-QCL and prevent drifts in emitted wavelength. Frequency

modulation spectroscopy is demonstrated for detecting NO with a 5.3 µm DFB-QCL in the

second.

2.1 Theory

2.1.1 Frequency modulation spectroscopy

Frequency modulation spectroscopy (FMS) is a type of optical heterodyne detection tech-

nique developed in the early 1980s.107–109 Originally, the technique involved applying a

phase modulation via an external modulator at frequency νm to a laser emitting at νc, the

carrier frequency, to generate a pure frequency-modulated signal. As a reminder, through-

out this thesis the convention used for frequency variables is: ν is frequency in Hz and ν̃

is frequency in wavenumber (cm−1). While similar modulation techniques had been well-

established, FMS is distinguished by a radio frequency (RF) modulation that is significantly

larger than the linewidth of the spectral absorption line.109,110 The technique was extended

to semiconductor lasers a few years later with modulation occurring initially via the in-

jection current.111,112 While it was convenient to apply modulation to the laser-driving

current, this introduced an additional amplitude modulation coupled to the frequency vari-

ation. Despite this, with careful experimental execution, it was shown that semiconductor

laser FMS could achieve shot noise-limited sensitivity for trace gas detection.112–115

The radiation field of the laser can be modelled as:108

E(t) = Eo exp(i2πνct)

∞∑
n=−∞

Jn(Mν) exp(i2πnνmt) (2.1)

where Jn are Bessel functions of the first kind. The laser linewidth (∼MHz) is narrower than
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the modulation frequency, and can therefore be neglected in these calculations. When the

modulation index (Mν) is small (Mν � 1), Jn is negligible for n > 1 and the field consists

of only one pair of sidebands. The application of an oscillation on top of an electromagnetic

field with sinusoidally varying phase generates a pair of sidebands with frequencies of νc±νm

and with a π rads phase difference. If νm is sufficiently small, relative to νc, sidebands can

be generated for harmonics of νm. By using a small modulation index, a single pair of well

separated sidebands can be generated on either side of the carrier:

E(t) = Eo

[
−Mν

2
exp (i2π(νc − νm)t) + exp(i2πνct) +

Mν

2
exp (i2π(νc + νm)t)

]
. (2.2)

Under the correct conditions, one sideband can probe the transition without interference

from the carrier band.109 Interactions between the field and absorber are defined by a

dimensionless attenuation factor (δ = αL/2) and phase shift (φ), both frequency-dependent

parameters:

E(t) =Eo

[
exp(−δ−1 − iφ−1)

−Mν

2
exp (i2π(νc − νm)t) + exp(−δ0 − iφ0) exp(i2πνct)

+ exp(−δ1 − iφ1)
Mν

2
exp (i2π(νc + νm)t)

]
.

(2.3)

When the attenuation experienced by the sidebands is equal, the two contributions cancel

since the sidebands are π radians out of phase. However, if the laser is scanned over an

absorption profile, the sum is non-zero with a magnitude determined by the absorption

coefficient and modulation index as depicted in Figure 2.1. The intensity of light incident

to the detector, assuming weak absorption (δi � 1), can be approximated as:108,109

I(t) =
c|E2

o |
8π

exp(−2δ0) [1 + (δ−1 − δ1)Mν cos(2πνmt) + (φ−1 + φ1 − 2φ0)Mν sin(2πνmt)] .

(2.4)

A few aspects of this result are worth commenting on. Firstly, there is a DC component

independent of the modulation parameters in addition to two contributions which oscillate

sinusoidally at the modulation frequency. Secondly, the sine term is proportional to the dif-

ference of the carrier phase compared to the average of the sidebands, while the cosine term
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Figure 2.1: Schematic of simulated FMS. The intensity of the laser with one pair of sidebands is
shown in dashed lines (corresponding to left-hand axis) at two different carrier frequencies. The laser
emission is modelled as a Lorentzian function with a linewidth of 6 MHz. The frequency modulation
occurs at 200 MHz with a modulation index of ∼ 0.4. The grey trace (solid line) indicates a simulated
molecular absorption profile with a linewidth of 0.021 cm−1 and integrated cross-section of 1×10−20

cm2 cm−1. The solid blue and red traces show the relative contributions of the sidebands for the
two corresponding carrier frequencies.

is dependent on the difference in attenuation between the upper and lower sidebands.108

These two terms represent the dispersion (Dfm) and absorption (Afm) of the transition,

respectively. Phase-sensitive electronics, such as a lock-in amplifier or demodulator, can be

used to select the Fourier component of the signal at νm, or an integer multiple, as the laser

carrier frequency is scanned.110 In general, Equation 2.4 to be written simply as:

I(t) ∝ Afm(ν) cos(2πνmt) +Dfm(ν) sin(2πνmt) (2.5)
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where the absorption and dispersion terms are given by:

Afm(ν) ∝ [δ(νc − νm)− δ(νc + νm)] ; (2.6)

Dfm(ν) ∝ [φ(νc − νm) + φ(νc + νm)− 2φ(νc)] . (2.7)

Absorption and dispersion functions are related by Hilbert transforms.116 In practice, one

measures the in-phase (Ifm) and quadrature (Qfm) signals, which are directly related to

Afm and Dfm:

Ifm(ν) ∝ [Afm(ν) cos θ +Dfm(ν) sin θ] (2.8)

Qfm(ν) ∝ [Afm(ν) sin θ −Dfm(ν) cos θ] (2.9)

with θ representing the phase shift between the lock-in reference and detected signal. This

represents the most simple case with a single pair of sidebands, no amplitude modulation,

and weak absorption and dispersion. Under these conditions, absolute concentrations of a

target gas can be determined by calibrating the system to determine the proportionality

between Afm and the measured signals.

The theory was later extended to the case when amplitude and frequency are modulated

simultaneously;59,111,114 this is typically true for current modulation of semiconductor lasers.

In this scenario, the field is:

E(t) = Eo[1 +Ma sin(2πνmt+ ψ)] exp[i2π (νct+Mν sin(2πνmt))]. (2.10)

Ma is the amplitude modulation index, and ψ is the phase shift between the amplitude

modulation (AM) and frequency modulation (FM). Following a similar route as before, this
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leads to the intensity on the detector being:111,112

I(t) =
c|E2

o |
8π

exp(−2δ0)

(
1 + [Mν(δ−1 − δ1) +Ma(φ−1 − φ1) cosψ

+Ma(2 + 2δ0 − δ−1 − δ1) sinψ] cos(2πνmt)

+ [Mν(φ−1 + φ1 − 2φ0) +Ma(2 + 2δ0 − δ−1 − δ1) cosψ

−Ma(φ−1 − φ1) sinψ] sin(2πνmt)

)
.

(2.11)

In the case where ψ = 0, this can be simplified:

I(t) =
c|E2

o |
8π

exp(−2δ0)

(
1 + [Mν(δ−1 − δ1) +Ma(φ−1 − φ1)] cos(2πνmt)

+ [Mν(φ−1 + φ1 − 2φ0) +Ma(2 + 2δ0 − δ−1 − δ1)] sin(2πνmt)

)
.

(2.12)

It is evident in this case that the absorption-free signal may be non-zero. Indeed, in some

cases the residual amplitude modulation (RAM) leads to baseline signals that are much

larger than that of the absorption.59 The RAM can be minimized by optimizing the phase

difference between the detector and phase-sensitive lock-in reference, although sensitivity is

still limited by ψ.114,117 RAM lessens the suitability of FMS for absolute trace concentration

measurements as it introduces two extra parameters in the model and requires detectors

with a large, linear dynamic range.

An alternative FMS method uses two modulation frequencies such that |νm1 − νm2| is

much smaller than both component frequencies.59,117 This is particularly useful for pressure-

broadened measurements which require νm ≥ few GHz for a single sideband to probe the

transition at any one time or when the bandwidth of the detector is only a few MHz or

less. In contrast to traditional single-tone FMS, two-tone FMS signals have even symmetry

and only the quadrature term (Equation 2.9) can be determined. Even with a pure FM

spectrum, there is a non-zero absorption-free baseline proportional to M2
ν . Due to these

reasons, and the more complex electronics required, only one-tone FMS was employed in

these experiments.

FMS is most useful when the quantum noise of the detector is one of the limitations
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of sensitivity. As this is a frequency-dependent noise – becoming more significant for low

frequency signals – adding a modulation in the MHz to GHz range significantly attenuates

its contribution. FMS is particularly well-suited to applications requiring detection of very

weak absorption signals.

2.1.2 Wavelength modulation spectroscopy

Wavelength modulation spectroscopy (WMS), also called harmonic or derivative spec-

troscopy, is similarly based upon frequency modulation of the radiation field, but is useful

for different types of measurements. WMS is characterized by a modulation frequency that

is much smaller than the spectral linewidth, though the product Mννm must be signifi-

cantly larger than the laser linewidth in order to treat the instantaneous emitted frequency

as a delta function.59 In WMS, the sinusoidal variations in laser wavelength lead to an

oscillating signal that can be described as a sum of Fourier components at the harmonics

of the modulation frequency.118 For small oscillations, the nth Fourier component at the

nth harmonic of νm is proportional to the nth derivative, dnα(ν)/dνn where the absorption

coefficient can be thought of as the signal measured. The Fourier components at specific

harmonics can be selectively picked out using a lock-in amplifier, as described in the next

section.

The lower modulation frequencies of WMS (typically kHz) relieve the requirement of a

high bandwidth detection scheme characteristic of single-tone FMS. Though the 1/f noise

will intrinsically be more significant for WMS compared to FMS, it is possible to eliminate

much of this by splitting the beam and normalizing the WMS signal against a reference

measurement of the laser output.119 The derivative signal is useful if, for example, the

baseline value varies across the scan, which will not affect higher order harmonics. It is

advantageous in some circumstances to have a zero crossing at the transition centre which

can be satisfied using any odd harmonic.
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2.1.3 Lock-in amplifiers

Lock-in amplifiers are powerful instruments for detecting small AC signals that use phase-

sensitive detection to selectively measure signal at a single reference oscillation frequency.120

In its most basic form, a lock-in amplifier is simply a frequency multiplier followed by a

low-frequency filter. To work, the signal must be modulated by a single frequency (νm);

usually this is accomplished by applying a high frequency modulation to the current applied

to the laser. Detectors are intrinsically more sensitive to signals at high frequencies (which

can easily be seen by the Hz−1/2 units of detectivity, see Section 1.4). The detector signal

is input into the lock-in and multiplied by a sine wave at a lock-in reference frequency (νr).

The output (VLI1) can then be represented by:

VLI1 = Vs sin(2πνmt+ φs) sin(2πνrt+ φr)

= 1
2Vs cos [2π(νm − νr)t+ φs − φr]− 1

2Vs cos [2π(νm + νr)t+ φs + φr]

(2.13)

where φi values are the relative phase of the reference and signal and Vs is the signal

amplitude from the detector. The low-frequency filter then removes AC components. If the

modulation and reference frequencies are the same (νm = νr), the only non-zero component

will be a DC signal that is proportional to the signal amplitude on the detector while still

taking advantage of the improved sensitivity of high frequency measurements:

VLI1 =
1

2
Vs cos(φs − φr). (2.14)

This output is still dependent upon the relative phase of the signal and reference oscillator.

More advanced lock-in amplifiers, such as those used here, incorporate a second phase-

sensitive detector to remove this dependency. In this case the second system takes the same

input from the detector and multiplies it by a reference sine wave that is shifted π
2 radians

from the first, and the frequency-filtered output voltage from this (VLI2) will be proportional
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to the input signal amplitude:

VLI2 =
1

2
Vs sin(φs − φr). (2.15)

The signal, regardless of phase conditions, can then be extracted by summing the two

components in quadrature. Alternatively, without applying this second multiplier, the

phase of the reference oscillation can be adjusted on the lock-in amplifier to the condition

φr = φs, thereby ensuring that the lock-in output will be optimized.

While this amplification method is useful for DC signals, it is not particularly good

for measuring spectral lineshapes while scanning the laser frequency. However, if an in-

tegrator is used instead of a basic low-pass filter, the amplifier can be set up to measure

absorption features. In order to effectively filter out unwanted structure, it is important for

the modulation frequency to be orders of magnitude faster than the scan rate of the laser.

With the integrator, the harmonics (where νr = nνm) display derivative-like behaviour, i.e.

the second harmonic of an absorption signal will have the same overall appearance as the

second derivative of the lineshape. This feature makes lock-in amplifiers particularly useful

for stabilization techniques, since the odd harmonics of an absorption profile will have a

zero crossing point at the centre of the transition.121 It is therefore quite easy to generate

an error signal when the laser frequency drifts, which will be reflected in a shift of the zero

crossing in the time domain from scan to scan. For example, if the zero crossing occurs

at t0 + ∆t in one scan (where t0 is the start of the scan), a non-zero signal measured at

the t0 + ∆t of subsequent scans will indicate a frequency drift; additionally, the sign and

amplitude of the signal will indicate the direction and magnitude of the shift.

2.2 DFB-QCL frequency stabilization

In applications requiring long-term frequency stability for accurate measurements of fluxes

or long-term averaging, drifts in laser frequency and output power can be problematic.

Long-term fluctuations can arise from slight changes in, for example, temperature or current.

An active feedback loop for frequency stabilization that prevents drifts in laser output would

improve the sensitivity of these absorption measurements.
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The simplest method for active frequency stabilization utilizes a reference sample with

known absorption profile to lock the laser frequency relative to the reference transition.

Yanagawa et al. locked a 1.5 µm diode laser to a NH3 absorption and Richter et al. used

a methanol transition to stabilize a far-infrared Fabry-Pérot QCL at 2.5 THz.121,122 Both

of these techniques demonstrated enhanced stability over approximately second to minute

timescales. In order to implement a similar type of stabilization, a WMS-based feedback

loop was developed and tested on a mid-infrared DFB-QCL for the study of CH4. In

this section, stabilization refers to maintaining a consistent frequency scan in successive

measurements (i.e. pinning the start frequency of the ramp); this is distinct from other

types of frequency stabilization, like Pound-Drever-Hall techniques, which have much more

rapid error responses to (typically) maintain a single laser frequency.

2.2.1 8.2 µm DFB-QCL characterization

Each QCL chip must be carefully characterized in order to determine the most appropriate

running conditions for each experiment and ensure that variability in the laser emission will

not be a limiting factor to spectroscopic sensitivity. Before discussing the laser chip itself,

however, it is important to consider the electronics controlling the temperature and current

of the chip; the quality of the current driver may, in some cases, determine the operating

linewidth of the laser. Custom, low-noise temperature and current drivers were designed

and built in-house for the DFB-QCL systems. An overview of these drivers and the custom

laser mounts used for many of the laser systems is given here.

The temperature controller allows monitoring of the laser housing temperature with

or without actively adjusting the voltage applied to the Peltier element. A Peltier mod-

ule consists of p and n-doped semiconductors connected in series such that current flows

through the junction n → p on one side and through the reverse on the opposite side. The

semiconductors lie on a single plane sandwiched between two ceramic plates. Due to the

thermoelectric effect, the ceramic plate on the first side acts as a heat sink, while the plate

on the opposite side acts as a heat source. By tuning the voltage across the semiconduc-

tor layer, it is possible to finely tune the rate and direction of heating and cooling. The
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temperature driver output voltages that allowed temperature tuning of the ceramic plate

nearest the laser were between -30◦and 9◦C.

The current driver, housed in a separate module, was designed to apply currents be-

tween 0 and 1000 mA across a QCL chip, though a maximum current limit could be set

below 1 A to prevent damaging the laser. The DC current level could be adjusted manually

on the controller, and a low frequency (< MHz) signal could be added on top of this to

scan the laser. The QCL chips require a reverse voltage across the anode and cathode, so

the current applied is actually negative, which means that applying a positive voltage ramp

causes a decrease in the magnitude of the applied current. Earlier analysis of the noise

output of the current driver demonstrated a current deviation of < 0.1 mA when 400 mA

was applied across a 25 Ω test resistor.123 The homemade device was consistently less noisy

than two similar commercial devices (Wavelength Electronics QCL1500 and ILX Lightwave

LDX 3232), with ten times less noise measured over averaging times up to 30 s.

An 8.2 µm (8.175 – 8.250 µm) cw single mode DFB-QCL (Alpes, sbcw835DN) was

supplied on a copper NS submount (1.9 x 0.7 x 0.2 cm dimensions). The laser is soldered

at the midpoint of the long axis near one edge of the submount such that the emitting facet

of the chip faces out with the optical axis perpendicular to the long axis of the submount.

Raised contact ridges on either side are connected to the anode or cathode of the chip

by thin gold wires. The QCL housing was custom designed and fabricated in-house. The

whole submount is screwed onto a copper base with a layer of indium foil in between to

ensure efficient and homogeneous thermal conductivity across the surface. The copper base

is placed on one of the Peltier’s ceramic plates. Spring-loaded pins pressing against the

contact ridges connect the laser to the current driver circuit. All the components are sealed

inside an aluminium box with a water cooling system to dissipate excess heat. Water

(∼12◦– 15◦C) flows continuously through the cooling system, and the compartment which

houses the laser is evacuated using a mini-pump (KNF N84.3ANE-K). The vacuum removes

water vapour from the compartment to prevent damage to the delicate semiconductor layers

by condensation and freezing. A 9-pin D-sub connector joins the internal components –

thermocouple, Peltier, anode, and cathode – to the temperature and current drivers. A
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Figure 2.2: Beam profile of collimated 8.2
µm DFB-QCL measured 50 cm from the col-
limating lens using a microbolometer with
colour contours representing intensity in ar-
bitrary units. Each pixel has an area of 35
µm × 35 µm.
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BaF2 window allows transmission of the laser emission out of the housing. The box is

clamped into a custom, anodized aluminium base that is bolted to the optical table with

the laser beam at a working height of ∼ 15 cm. A bracket fixed to the base supports

the collimating lens holder to ensure the laser remains collimated even when moved to a

different optical bench.

The laser beam is collimated by using a microbolometer to image the beam profile

at varying distances from the laser facet. A 1.27 cm diameter aspheric collimating lens

(Thorlabs, f = 4 mm) is placed in an XYZ lens positioner to allow fine adjustments such

that the laser beam exhibits a symmetric, two-dimensional Gaussian profile horizontally

and vertically, and maintains approximately the same beam diameter over distances ≥ 1

m. A sample intensity profile of the collimated 8.2 µm QCL measured 50 cm from the

collimating lens is shown in Figure 2.2.

Power and I-V curves (Figure 2.3) are measured to check that the laser behaviour

agrees with the manufacturer’s specifications. At various operating temperatures, the laser

current is tuned from its threshold level to near maximum (typically ∼ 300 – 560 mA for

QCLs) while simultaneously reading the applied voltage – displayed on the current driver

– and output power measured using a power meter (Melles Griot, Broadband 13PEM001).

The power measured is typically ∼ 20% lower than expected, which is reasonable as some

losses can be expected due to the large divergence of the beam, the finite aperture of the
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BaF2 window, absorption by the BaF2, and the limited size of the collimating lens. The

levelling off and slight decrease of the laser power near the maximum current occur due to

thermal effects and the so-called Stark roll-over, where the upper state and injector level of

the QCL potential wells become misaligned.124

Figure 2.3: Voltage (solid lines) and power (dotted lines) of the 8.2 µm DFB-QCL as a function
of applied current at four laser operating temperatures: 0◦C (orange); -10◦C (green); -20◦C (blue);
-30◦C (purple).

2.2.2 Methane properties

Methane is an important greenhouse gas with many times the global warming potential

of CO2 due partly to its much longer tropospheric lifetime. In contrast to CO2, it is

the sources of CH4 that require further investigation.103 There are obvious anthropogenic

sources – e.g. natural gas leaks and anaerobic processes in agriculture – but some sources

are less well understood, such as the methane hydrate reservoirs in melting permafrost.125

Biologically, low CH4 levels in breath and other expelled gases can indicate stomach or

intestinal problems.126

CH4 has nine vibrational degrees of freedom and four normal modes; these are the sym-

metric stretch (ν1), triply-degenerate asymmetric stretch (ν3), doubly-degenerate “wagging”

bend (ν2), and triple-degenerate “scissoring” bend (ν4). Three of these lie within the region
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Figure 2.4: HITRAN absorption coefficient spectrum of CH4 in regions corresponding to ν3 asym-
metric stretch and ν4 bend vibrational modes.6 Data presented are for 760 Torr pure CH4.

covered by the mid-infrared QCLs, and the asymmetric stretch and scissoring mode tran-

sitions are shown in Figure 2.4. Although only the ν3 and ν4 fundamental transitions are

infrared-active, Coriolis interactions, as well as higher order effects, distort the permanent

molecular dipole and split the ro-vibrational transitions This allows some ro-vibrational

bands to be observed even for fundamentally inactive modes.127–129 For notation, in addi-

tion to the vibrational state excited, CH4 levels are characterized by local quanta J , C, and

αJC , which represent the total angular momentum quantum number, the molecular spin

symmetry, and the index number for transitions with the same J and C respectively.

2.2.3 Experiment

In this experiment, shown in Figure 2.5, an 8.2 µm cw QCL was stabilized to the P(12) ν4

CH4 transition at 1219.65 cm−1. The laser was housed under vacuum in a custom mount

at a constant temperature of -30◦C maintained by a Peltier element. After collimation

by an aspheric lens (Thorlabs, f = 4.0 mm), the 15 mW beam was split by a wedged

CaF2 window. The transmitted beam (∼90% incident intensity) passed through a 30 cm

long cell containing a sample of 150 Torr 0.3% CH4 in air and focused onto a photovoltaic

detector (VIGO PVMI-3TE-10.6) using an off-axis parabolic mirror. The signal was sent

to a lock-in amplifier (LI1; Stanford SR830) for second harmonic (2f ) demodulation, which
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was recorded on an oscilloscope (LeCroy WaveSurfer). About 7% of the original beam was

reflected off the front surface of the window through a 5 cm long reference cell with 12 Torr

pure CH4 onto a mercury cadmium telluride (MCT) detector (EG&G J15D12) connected

to a second lock-in amplifier (LI2; Stanford SR510) with a time constant between 300 and

1000 µs.

The current applied to the laser was a combination of three inputs: fast modulation,

slow scan, and DC error signal. A low-amplitude (100 mV) 10 kHz signal from LI2 modu-

lated the laser for lock-in amplification, while a function generator (TTi TG230) produced

a 400 mV peak-to-peak triangle wave at 2 Hz that scanned the laser frequency across the

CH4 transition. As described previously, the derivative-like lock-in signal is ideal for this

locking scheme due to the flat baseline and the zero crossing of the odd harmonic. The

third harmonic (3f ) of the reference signal (LI2) was sent to a DAQ (NI-PCI-6036E) and

used by a self-written LabVIEW program to determine the error signal. The program fixed

a point in the scan to the centre frequency of the transition. The amplitude and sign of

the 3f signal at this point indicated the magnitude and direction of wavelength drift. The

program averaged four scans and continuously adjusted a DC voltage applied to the current

controller to minimize the 3f signal at the set point. The 2f signal of the sample arm was

measured simultaneously to demonstrate the potential of the technique for concentration

measurements.

M
CT

Sample Cell

Lock-in 2

Lock-in 1

Function Generator

PD

QCL

Current Controller

Temperature Controller

Computer

OAPM

Scope

QCL

Reference Cell

Figure 2.5: Schematic of frequency stabilization experiment with 8 µm DFB-QCL. Note: MCT =
mercury cadmium telluride detector; PD = photodiode detector.
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Figure 2.6: Mathematical
model (dotted) and experi-
mental (solid) second (red)
and third (blue) harmonic
signal from scanning across
molecular transition. The
model amplitude scales were
adjusted to match experimen-
tal signal amplitudes. The
asymmetry in the data is likely
caused by distortions due to
the time constant of the lock-in
amplifiers.
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2.2.4 Results

Sample traces of the 3f reference signal and 2f sample signal, measured simultaneously, are

shown in Figure 2.6. A simulation of the second and third derivatives of the absorption by

CH4 in the two cells is overlaid to demonstrate that there is an excellent qualitative match

with the lock-in amplifiers’ 2f and 3f output. Asymmetry in the measured signal can arise

from a non-linear baseline and distortions from the lock-in if the time constant selected

is too long. The stabilization routine required an odd harmonic to take advantage of the

centre zero-crossing for error signal generation; the third harmonic was chosen to eliminate

all baseline effects without unnecessarily diminishing the signal amplitude. The 2f signal

was chosen for the sample arm where the magnitude of the signal is important and the

symmetry is irrelevant.

To assess the usefulness of the technique, the frequency excursion of the laser relative to

the transition centre was measured over long (∼ 102 s) times. As mentioned in Section 1.4,

Allan-Werle variance plots are a common metric for measuring the stability of a system over

time.50,51 Figure 2.7 shows the variability in the centre of the sample signal, and Figure

2.8 the corresponding variance as a function of averaging time. It is clear that enabling

the frequency-locking feedback scheme greatly enhances the stability of the output laser

frequency for averaging times > 30 sec, but has little impact for shorter averages. For
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Figure 2.7: Frequency
variability of methane
transition line centre
measured in reference
cell over time. Red and
orange lines represent
measurements taken
without feedback; blue
were measured with the
stabilization feedback
loop enabled.

example, the standard deviation in output frequency after two minute averaging is 3 MHz

with feedback enabled and 100 MHz without, while in both cases the variation is about 50

MHz for 10 second averaging. In Figure 2.9, the Allan-Werle variance is computed for each

point across the 2f spectrum individually. With the feedback loop disabled, there is a clear

increase in the variance at the points in the waveform with large gradients with a negligible

variance at the centre minimum. This indicates, as expected, that frequency drifts rather

than amplitude fluctuations are responsible for the changes in variance.

This method is relevant for experiments susceptible to long-term (up to several hours)

laser drifts due to subtle changes in temperature or current. The response time of the

feedback circuit is insufficient to improve short-term variation between consecutive scans

but is easily adequate for monitoring samples of ambient air. The method is limited by

the range of frequency drifts that can be corrected. Short-term variation in the frequency

output must be much smaller than the linewidth of the transition for the reference sample

for the error loop to function properly. For short-term stabilization requiring a fast feedback

loop, the Pound-Drever-Hall method could be employed. In this method, phase corrections

due to a high finesse Fabry-Pérot resonator allow fast corrections that are not limited by

the laser response time.130
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The marked improvement in laser stability with the active feedback loop shows that

frequency stabilization using laser modulation is an effective method for preventing drifts

in laser frequency. This method can be easily adapted for other QCLs with the use of an

appropriate reference gas.

2.3 DFB-QCL FMS

Measurements of trace gases using WMS have been demonstrated using both pulsed and cw

mid-infrared DFB-QCLs.131,132 Using the 2f signal, minimum detectable concentrations of

<1 ppb were achieved for CO, N2O, and acrylonitrile (CH2CHCN). In both studies, the

technique proved robust but overall sensitivity was limited partly by spectral asymmetry

due to RAM.

It has proven somewhat more challenging to successfully utilize FMS in the mid-infrared

with semiconductor lasers. Gagliardi et al. demonstrated sensitive detection of N2O and

CH4 isotopes using a cryogenically-cooled QCL at 8 µm with a modulation frequency of 170

MHz.133 However, Borri et al. reported severe degradation to a low temperature Fabry-

Pérot QCL after applying high frequency modulation (50 – 600 MHz).134 Both single and

two-tone FMS were used for the detection of N2O and CH4, respectively. Poor coupling of

high frequency modulation into the laser head and the non-linear, inhomogeneous frequency

Figure 2.8: Allan-Werle
variance of the measured
frequency excursion of the
laser. As before, blue rep-
resents active stabilization
loop enabled and red rep-
resents measurement with-
out stabilization.
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Figure 2.9: 2D Allan-Werle variance of the 2f spectra measured through the sample cell. The
upper two plots show the Allan-Werle variance for each individual point across the scan without
(upper) and with (lower) the active feedback loop enabled. The variance values are indicated by the
colour bar. The trace on the bottom shows the corresponding points across the scan.

response observed limited the sensitivity, with MDA values in the 10−4 – 10−3 range. More

recently, a THz Fabry-Pérot QCL was used to perform single-tone FMS (vm = 50 MHz)

on methanol.135 While RAM was again observed, the authors noted that the frequency

modulation dominated over the amplitude modulation.
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Figure 2.10: Power curves (dashed lines) of 5.26 µm DFB-QCL as a function of current for the
following temperatures: -15◦C (purple); -10◦C (dark blue); -5◦C (light blue); 0◦C (green); 5◦C
(orange); 10◦C (red). The voltage (black line) as a function of current is the average of the six data
sets.

2.3.1 5.26 µm DFB-QCL characterization

The QCL used in this experiment was a 5.26 µm cw, single mode DFB-QCL (Maxion,

M575AH) supplying up to 260 mW power. This was supplied on a nearly identical NS

submount as the 8 µm laser, and was set up with the same housing, base, and controllers as

described in Section 2.2.1. I-V and the power curves of the device are shown in Figure 2.10.

Due to the high power of this laser, it was not possible to measure the beam profile without

using filters, which distort the measured profile, to prevent damage to the microbolometer

sensor. The laser was operated between -15◦and 10◦C with a limiting current of 1 A.

2.3.2 Nitric oxide properties

Nitric oxide, a free radical, is one half of the important NOx double-act (NO + NO2) that

determines so much of the chemistry in the lower troposphere. In the presence of volatile or-

ganic compounds (VOCs), NOx will react to form photochemical smog, a harmful pollutant

that can aggravate lung issues. The relative amounts of NOx and VOCs determines tro-

pospheric ozone production – another pollutant that causes oxidative stress in both plants

and animals, including humans. NOx compounds are partly responsible for the formation
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Figure 2.11: HI-
TRAN spectrum
of fundamental NO
stretch. Absorption
coefficients given
correspond to pure
NO at 760 Torr.

of acid rain upon reaction with O2 and H2O.136 Emission sources vary significantly by re-

gion, and as a highly reactive free radical species it is not well mixed on any significant

transport scale. In heavily populated and industrialized areas, the major source is usually

transportation due to the oxidation of N2 or nitrogen-containing compounds in fuel at high

temperatures found in combustion engines.

NO is somewhat unique among the gases explored in that it is commercially avail-

able in the health sector as a vasodilator drug, including for neonates.137 It is also used

by physiologists in studying lung diffusing function and identifying lung disease.138 As a

diatomic molecule, NO has a single fundamental stretching mode at ∼ 1880 cm−1, shown

in Figure 2.11, that is strongly infrared-active. The neutral molecule has an unpaired

electron, making it an attractive molecule for techniques using magnetic fields, such as

Faraday modulation spectroscopy.65 For this experiment, however, more broadly applicable

frequency modulation was used rather than magnetic modulation.

2.3.3 Experiment

FMS was performed to detect NO with a Peltier-cooled 5.26 µm cw DFB-QCL (Maxion)

sealed in a custom mount. The laser was scanned with a 1.5 V triangle ramp (corresponding
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to ∼ 1.5 cm−1) at 50 Hz using an external function generator (TTi, TG230) connected to

a custom current controller. A bias tee was introduced between the laser head and the

connection to the temperature and current drivers in order to couple in the modulation

voltage. The homemade bias tee is a simple T-junction circuit with a 10 mH inductor in

the branch connected to the laser drivers to prevent high frequency current from travelling

back up the channel. The high frequency modulation passed through a 0.1 µF capacitor,

to de-couple the signal from the laser, and a 50 Ω resistor to improve impedance-matching

with the driver. The fast modulation was combined with the slow ramp after the driver to

avoid attenuation due to low-pass filters within the driver circuitry. For these experiments,

the modulation was supplied by a signal generator (Marconi Instruments, 10 kHz – 1.01

GHz) with a colourful history in the Royal Navy aboard the HMS Collingwood. The laser

was collimated using an aspheric lens (Thorlabs, f = 4 mm) and passed through a 70 cm

long cell onto a 20 MHz-bandwidth DC photodetector. The cell was connected to a vacuum

pump and pressure gauge (Leybold Ceravac, ≤1 Torr) and filled with 20 – 200 mTorr pure

NO (BOC). The output of the detector was recorded on a 400 MHz-bandwidth oscilloscope

(LeCroy WaveSurfer 44MHxs-A).

2.3.4 Results

Before applying modulation to the laser current, direct absorption spectra were recorded at

two different regions: a single feature centred at 1900.52 cm−1 identified as the 2Π3/2 R(6.5)

transition with contributions from both Λ doublets well-overlapped; and a doublet feature

centred at 1900.07 and 1900.08 cm−1 assigned to the 2Π1/2 R(6.5) transition where the two

Λ doublet resolved transitions are clearly separated.6 After applying the Beer Lambert law

(Equation 1.13), the spectra were fit well using a Gaussian model as shown in Fig. 2.12

with the expected thermal linewidth broadening (FWHM = 0.0058 cm−1). The Gaussian

lineshape is an appropriate model in this case due to the low pressure of the sample.

For FMS, the signal generator applied a high frequency, typically 20 MHz (limited

by detection bandwidth) with an applied modulation depth of 50 mV. This modulation

frequency is much broader than the laser linewidth. The output of the detector was sent
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Figure 2.12: A direct absorption measurement (lower) at 1900.52 cm−1 (2Π3/2 R(6.5) NO tran-
sition) is compared with corresponding FMS data (upper). The lower panel shows a Gaussian fit
(black line) to the direct absorption data (grey line) of 40 mTorr NO at 1900.52 cm−1 which yields
a linewidth of 0.13 GHz. The residual is shown below, offset for clarity and magnified by a factor
of three. The upper panel shows the corresponding FMS measurements. The Ifm (blue) and Qfm
(red) data (solid lines) were fitted (dashed lines) using the MATLAB program described in the text,
yielding a fitted linewidth of 0.16 GHz, indicating some broadening with laser frequency modula-
tion. The pure absorption (light grey) and dispersion (dark grey) are also shown, calculated from
Equations 2.8 and 2.9. For the FMS data, the laser was modulated with 50 mV at 20 MHz.

to a homemade demodulator which generated Ifm and Qfm signals using a local oscillator

reference input from the signal generator. The relative phase of the two input signals, which

determines the relative contributions of the Afm and Dfm to the Ifm and Qfm signals, was

changed by using different length cables.135 The phase was adjusted so the Ifm and Qfm

exhibited similar magnitudes. A sample FMS measurement is shown in Figure 2.12. As

expected, RAM resulted in signal asymmetry. This is an intrinsic side effect of current

modulation on semiconductor lasers, and therefore could not be eliminated without having

the ability to finely tune the signal phase.

Despite this effect, it was possible to use a MATLAB model to extract lineshape pa-

rameters from Ifm and Qfm signals using an iterative fitting algorithm.139 The simulation
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assumed a Gaussian lineshape to produce values of centre frequency, Gaussian linewidth,

demodulation frequency, phase, scale factor, and offset values for Ifm and Qfm. Comparison

of the Gaussian linewidths of the direct absorption spectra with those determined from the

modulated Ifm and Qfm indicate some broadening of the lineshape due to the modulation.

As shown in Figure 2.12, the direct absorption lineshape matched the expected thermal

Doppler linewidth (130 MHz), whereas the FM spectra yielded a linewidth of 160 MHz.

The broadening of the FMS signal is expected due to the contribution of both sidebands (of

opposite phase) to the signal because the sideband separation is smaller than the absorption

linewidth (see Figure 2.1). In an ideal case, where the modulation frequency is greater than

the absorption linewidth, no broadening of the FMS signal would be expected.

Both FM and direct absorption spectra were collected for the gas at a range of pressures,

shown for the singlet R(6.5) 2Π3/2 transition around 1900.5 cm−1 in Figure 2.13. For

P ≤ 60 mTorr, the signal increased linearly with pressure (see Figure 2.14), though at

higher pressures of NO, nearly 100% absorption was observed near the transition centres,

causing distortions to the direct absorption lineshape. The FM spectra also exhibited

distortions at these pressures and could not be fitted well by the MATLAB program.

To estimate the sensitivity of the FMS measurements, the maximum amplitude of the

Ifm or Qfm fit from the MATLAB program was compared to the baseline noise. After fit-

ting the experimental Ifm and Qfm, the phase was adjusted in the simulation to maximize

the amplitude of one of the components. The SNR was then taken to be this amplitude

divided by the standard deviation of the baseline signal. For example, the maximum Ifm

signal of an FM spectrum of 70 mTorr NO was 15 mV with a baseline standard deviation

of 0.037 mV, yielding a SNR of about 400. This is a slight improvement to the a direct ab-

sorption measurement at a similar pressure (66 mTorr), where comparison of the maximum

absorption and baseline standard deviation gives a SNR of 240. The minimum detectable

pressure of NO is roughly 170 µTorr for a 320 ms FMS measurement, or more generally

αmin = 7× 10−7 cm−1. It should be noted, however, that this sensitivity estimate neglects

the influence of RAM on the accuracy of fits.

The limitations to sensitivity are not associated with the QCL per se, but with other
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electronic components of the system. A detector with a similar detectivity but faster time

response would allow application of a higher modulation frequency, allowing an increased

sideband separation and ensuring that only one sideband is scanned over the absorption

transition at any one time. Increasing the modulation frequency would require making
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Figure 2.13: Direct absorption (upper) and FM (lower) spectra at varying NO pressure showing
increase in FMS signal with increasing pressures (number densities) of NO. The transition is the
same as Figure 2.12.
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Figure 2.14: Derived area from
MATLAB fits of Ifm and Qfm mea-
surements shown in Figure 2.13 up
to 60 mTorr. Black and red rep-
resent data collected with laser fre-
quency ramped up and down, respec-
tively. Both data sets fit to linear
function that does not cross the ori-
gin, likely due to an offset on the pres-
sure sensor.
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adjustments to the bias tee to eliminate parasitic effects at high modulation frequency

described extensively in the next chapter. Based on adjusting the simulations shown in

Figure 2.12, increasing the modulation frequency to well over the absorption linewidth (e.g.

10 GHz) would result in a factor of five increase in the SNR. Signal processing could be

further improved by using a variable demodulator offering both modulation frequency and

phase tunability. There is hope in innovative laser technology – recently, an electrically

tuned, pulsed, THz QCL was developed that maintains a constant optical power output as

the frequency is scanned, and would therefore not be susceptible to RAM.140

While FMS can be a powerful technique for high sensitivity gas detection, it suffers

from a number of drawbacks that make it unsuitable for some applications. Perhaps most

crucially for gas sensing, it is not straightforward to extract absolute concentration val-

ues from the measured spectra without careful calibration. The accuracy depends on the

demodulation electronics utilized. Furthermore, in an ideal case the relative phase of the

local oscillator and signal could be tuned to ensure minimal RAM effects. FMS is poorly

suited to measure spectra with broad, overlapping features due to the optimal condition

that the sideband separation is larger than the spectral linewidth. Instead, methods for

increasing the optical path length must be used in order to achieve sensitivities surpassing

those of single pass direct absorption methods. The next chapter introduces some of these

cavity-based spectroscopy techniques.
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2.4 Conclusions

An active frequency stabilization system based on locking to a methane transition was

developed for an 8.2 µm DFB-QCL. The feedback program prevents laser output drifts

over ≥30 s, a capability particularly useful for WMS experiments requiring averaging over

minute time scales. With the system stabilized, variation in laser frequency was limited to 3

MHz over two minutes. The experimental set-up is quite simple, and the LabVIEW program

developed can be easily adapted to other laser systems. Future experiments requiring stable

wavelengths over an extended period of time can be significantly improved by implementing

frequency stabilization.

Frequency modulation spectroscopy was demonstrated with a 5.3 µm DFB-QCL for

measurements of NO. Despite the low modulation frequency (20 MHz) relative to the NO

absorption linewidth, the measured Ifm and Qfm signal could be modelled reasonably well

using a MATLAB program. Some RAM was observed, however changing the relative phase

of the signal and local oscillator minimized its contribution. An αmin of 7 × 10−7 cm−1

for 320 ms measurement (SNR = 400) was estimated for the technique, and some potential

avenues of improvement were discussed. This is on par with a similar QCL-based FMS

experiment, which achieved an MDA of 2 × 10−6 Hz−1/2 in a 17 cm cell.133 FMS is an

effective technique for reducing low-frequency noise in order to sensitively measure trace

species at low sample pressures with QCLs.
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Chapter 3

Off-axis CEAS: Sensitivity Enhancement by

RF Current Perturbation

3.1 Introduction to optical cavities

Sensitivity in trace gas measurements can be improved not only by minimizing electrical

noise on the detected signal, but also by enhancing the magnitude of the absorption signal.

In some cases, it is appropriate to pre-concentrate the sample,141 but many applications

require rapid data acquisition with no alteration of the gas sample. Instead of increasing

the number density of molecules, signal can be boosted by increasing the path length of the

radiation through the gas in order to increase the number of molecules with which the field

can interact. As evident in Equation 1.13, attenuation of radiation linearly increases with

L in the limit of low absorption. Multipass cells can be used to increase path lengths by

one or two orders of magnitude, as mentioned in Section 1.5.1, however further extensions

in path length require an often undesirable increase in volume to prevent beam overlap.

Optical cavities offer a powerful method for achieving long optical path lengths without the

need for a large footprint.

Fundamentally, an optical cavity is a set of mirrors set up such that reflections within

the inter-mirror space overlap. Optical cavities are useful because of their bigger-on-the-

inside quality: within a benchtop sample container that is centimetres long, it is possible to

achieve long effective optical path lengths – the average distance a photon travels through
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the sample – on the order of many kilometres. With mirror reflectivities (the fraction of

light intensity reflected off the surface) commonly > 0.999, the lifetime of the intracavity

field is at least three orders of magnitude longer than the round-trip time of a single pass.

The most basic optical cavity is a Fabry-Pérot resonator, which can be found inside

many laser systems as a coherent amplification mechanism. This type uses two highly pol-

ished surfaces as reflecting planes separated by a short distance to form a cavity. The term

optical cavity is colloquially used when referring to systems where the reflector separation

is large compared to mirror thickness and curved cavity mirrors are used.35

Cavities are often described by a finesse (F), which defines the ratio between the free

spectral range (FSR) and cavity bandwidth at resonance (∆νcav) based on the reflectivity

of the mirrors (R):

F =
FSR

∆νcav
≈ π
√
R

1−R
, (3.1)

indicating that narrow bandwidth (high finesse) cavities require high reflectivity mirrors

with R values close to unity.142 Effective optical path lengths scale as L/(1 − R), which

means that a 1 metre-long cavity composed of mirrors with R = 0.99998 (commercially

available in the visible and near-infrared) allows the intracavity light field to interact with

the sample the distance of a marathon (42 km)!

The magnitude of the intracavity field is the sum of all the fields within the cavity,

which is a combination of components with varying phase. If the incident radiation satisfies

the condition ν = Nc
2L , where N in this case is an integer, then it excites a longitudinal

mode of the cavity. In this case, the resonant intracavity field behaves in a similar manner

to a particle-in-a-box with stationary nodes established at each end mirror and a standing

wave generated with complete constructive interference, as shown in Figure 3.1. Light

in resonance with a longitudinal mode of the cavity has a well-defined spatial intensity

profile, called a transverse electromagnetic mode (TEMmn), in the plane perpendicular to

the optical propagation axis. Concave cavity mirrors are required to generate these well-

behaved transverse modes. Stable cavities cannot be formed by solely flat mirrors as these

lead to poorly-behaved, unpredictable transverse mode structures with higher losses.35
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L

Figure 3.1: Schematic of an intracavity field
in linear cavity when incident wavelength is res-
onant with and excites a longitudinal mode. In
a typical cavity-based experiment, light is cou-
pled in through one mirror and the field leak-
ing out is detected on the opposite end as in-
dicated.

3.2 Cavity-based techniques

Two families of cavity-based spectroscopy techniques have been widely adopted: cavity

ring-down spectroscopy (CRDS), developed by O’Keefe and Deacon in 1988,143 and cavity-

enhanced absorption spectroscopy (CEAS), which came about a decade later.144–146 CRDS

uses the exponential decay of light intensity emerging from an optical cavity to measure

absorption, scattering, and other losses incurred by the sample or mirrors.147 The decay of

the intracavity intensity and light leaking out can be described in the time domain by:

I(t) = I0 exp(−t/τRD). (3.2)

If the only loss mechanisms are due to mirror transmission (1−R) and absorption by some

sample (αL), the ring-down time (τRD) is defined as:

τRD =
L

c(1−R+ αL)
. (3.3)

Thus, any attenuation of light within the cavity will cause I to decrease more quickly from

the absorption-free value (Io). It is common practice to account for the loss effects of the

mirrors by comparing the ring-down times with and without the sample in the cavity, with

the latter baseline value denoted τ oRD:

α =
L

c

(
1

τRD
− 1

τ oRD

)
. (3.4)

One of the main attractions of CRDS is its relative immunity to changes in the intensity of

light coupled into the cavity. Thus, laser amplitude fluctuations are not a source of noise

in the signal. CRDS requires a way to turn off the light coupled into the cavity in order to
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measure a decay; it is convenient to use pulsed lasers,143 however cw lasers can also be used

as sources along with a fast switch mechanism such as an acousto-optic modulator (AOM)

or rapid current modulation for diode lasers.142,148–150 To take a complete spectrum of an

absorption feature, the ring-down time must be measured across a range of discrete laser

frequencies.

In contrast, CEAS, also known as integrated cavity output spectroscopy (ICOS), is

best suited to cw laser sources and allows continuous, rapid scanning across an absorption

profile. In this case, the cavity transmission is simply measured and time-integrated as the

laser wavelength is continuously scanned.142,146,151–154 When the laser beam is not aligned

to propagate along the central axis, the incident laser field will overlap with and couple into

higher order TEMmn modes at slightly varying frequencies for a given longitudinal mode.

The technique is thus usually referred to as off-axis CEAS to highlight this deliberate

misalignment.152 If sufficient higher order modes are efficiently populated, there will be a

near continuous output from the cavity with the intensity related to losses in the cavity,

such as from molecular absorption, by:142

Io(ν)

I(ν)
− 1 =

α(ν)L

(1−R)
. (3.5)

In this case, Io represents the cavity transmission intensity without the absorber in the

optical path.

The use of both CEAS and CRDS is widespread in many fields, particularly atmo-

spheric science and physiology. An excellent review of applications of CEAS and CRDS to

atmospheric science was published by Brown in 2003,155 and Wang and Sahay provided a

comprehensive overview of laser spectroscopic gas detection for breath analysis in 2009.94

A new approach to off-axis CEAS is presented in this chapter. A related method,

optical-feedback CEAS, is described and demonstrated in Chapters 4 and 5.
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3.3 DFB-QCL off-axis CEAS

3.3.1 Introduction to off-axis CEAS

Off-axis CEAS is a compact, simple technique that offers quantitative measurements with-

out strict alignment or mechanical stability requirements.146,152,154 Several studies have

demonstrated the feasibility of achieving high sensitivity using off-axis CEAS with cw DFB-

QCLs despite increased diffraction losses at longer wavelengths. Moyer et al. built a field-

ready instrument with a 6.7 µm QCL and 90 cm long, high finesse (∼15,700) cavity that

achieved a noise-equivalent absorption sensitivity of 2.4 × 10−11 cm−1 Hz−1/2.52 This is a

somewhat unrealistic value as it is normalized against the sample rate of individual points

rather than the scan rate. Applying the same method of estimating sensitivity as used later

in this thesis yields a sensitivity of αmin = 4.5× 10−8 cm−1 for a 4 s measurement based on

the minimum detectable absorption (MDA) and effective path length given in the paper.

Similar instruments at 5.2 µm were developed for online breath-by-breath measurements of

nitric oxide and achieved sensitivities < 1 ppb (∼ 2× 10−10 cm−1 Hz−1/2).156,157

The limiting factor determining sensitivity is often residual mode structure. This occurs

when the laser preferentially couples into certain cavity modes leading to an inhomogeneous

mode population. In order to reduce this noise, Liu et al. modulated piezo-mounted cav-

ity mirrors to increase the density of excited modes to achieve 1.62 × 10−8 cm−1 Hz−1/2

sensitivity with a DFB-QCL.158 Modulation can also be applied to the laser frequency for

wavelength-modulated integrated cavity output spectroscopy (WM-ICOS), which has been

shown to enhance the SNR by as much as a factor of five in the mid-infrared.156,159,160

While these methods enhance sensitivity, it is often at the expense of large set-ups, addi-

tional mechanical requirements, or more complex analysis.

Recently, an alternative method using RF white noise perturbation of the laser current

was developed in our group and demonstrated improved SNR in off-axis CEAS measure-

ments using a 100 MHz-bandwidth 764 nm vertical-cavity surface-emitting laser (VCSEL)

and moderate finesse (∼700) cavity.161 Inducing random, uncorrelated fluctuations in the

laser frequency has the beneficial effect of promoting efficient wash-out of residual mode
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structure by increasing the effective linewidth of the laser. This is the noise paradox: noise

is added to the laser in order to reduce noise in the signal. The following section describes

an extension of this technique to mid-infrared QCL sources with a significant improvement

in off-axis CEAS sensitivity demonstrated for measurements of CO2. In parallel, the broad-

ening of the effective QCL linewidth caused by the RF perturbation was explored using a

pump-probe technique, and the effects of high frequency modulation on the laser examined.

The QCL study was published in 2014.162

3.3.2 5.29 µm DFB-QCL characterization

A 5.29 µm (1884 – 1897 cm−1) cw single mode DFB-QCL (Maxion, M575AY), similar

to the one characterized in Section 2.2.1, was set up in identical housing with the same

temperature and current drivers. The laser was operated between -30◦and 9◦C with a

maximum current of 990 mA. Measured I-V and power curves are shown in Figure 3.2.

By carefully increasing the driving current just above the threshold level, it was possible

to measure the beam profile without damaging the microbolometer elements. Figure 3.3

shows typical collimated beam profile 50 cm from the collimating lens.
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Figure 3.2: Measured output power (dashed lines) of the laser system as a function of driving
current for the 5.29 µm DFB-QCL at the following operating temperatures: -5◦C (purple); 0◦C
(blue); 5◦C (green); 9◦C (orange). The applied voltage (grey solid line) at 9◦C is also shown.
The drops in measured laser output power (i.e. at 725 mA driving current with -5◦C operating
temperature) occur when the laser frequency scans over the strongly absorbing (6,4,3) ← (5,3,2) ν2
water vapour transition at 1889.6 cm−1.
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Figure 3.3: Beam profile of collimated 5.29
µm DFB-QCL measured 50 cm from collimat-
ing lens. Contours show beam intensity in ar-
bitrary units, with each pixel separated by 35
µm.

3.3.3 Carbon dioxide properties

Carbon dioxide was used as a model gas for these proof-of-principle tests. CO2 is the

infamous culprit of the growing greenhouse effect rapidly changing the planet’s radiative

balance. As the second most prevalent greenhouse gas (behind water vapour), it is present in

unadulterated air in quantities that probably push the definition of “trace” – average global

levels in the atmosphere surpassed the 400 ppm mark for the first time in early 2015.163

Atmospheric CO2 has been measured for over 100 years, so there is clearly no desperate

need for an atmospheric sensor. Measurements are still useful as, for example, there are

still uncertainties in quantifying its sinks. Comparisons of the amount of 12CO2 and 13CO2

in an air sample will vary seasonally and regionally for different plant uptakes and, on a

global scale, the ratio is an important indicator of the ocean-atmosphere exchange rates.164

The gas is also of interest for physiologists as the relative amounts of CO2 in exhaled breath

can be used as an indicator of gas exchange and blood flow in the lungs.165

CO2 is a good exemplar gas for proof-of-principle experiments since it is easy to obtain,

safe to use, and has strongly absorbing transitions throughout the spectral region covered

by QCLs. As a linear triatomic molecule, CO2 has four vibrational degrees of freedom,

which are accounted for by three normal modes: symmetric stretch (ν1), antisymmetric

stretch (ν3), and doubly-degenerate bend (ν2). The transition notation used here is based
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Figure 3.4: Absorption coefficient
spectrum of pure CO2 at 760 Torr
showing the ν1 + ν2 combination
band.6

ν +
1 2

ν

on that used by HITRAN given by five digits: ν1ν
l
2ν3rF .166 The additional terms are l, the

angular momentum of the bending mode, and rF , a term included due to a strong Fermi

resonance effect in CO2 between ν1 and the second overtone of ν2.167 The region used for

CEAS experiments corresponds primarily to excitation of the ν1 +ν2 combination band (see

Figure 3.4).

3.3.4 Experiment

For the CEAS experiment, depicted in Figure 3.5, the 5.29 µm cw DFB-QCL (Maxion)

was placed in a custom-built, Peltier-cooled mount. The frequency of the laser could be

tuned between 1883 and 1896 cm−1 using temperature and current controllers built in-

house. A bias tee combined the driving current with the high frequency signal from a

broadband noise source. The initial source was an amplified (3×Mini-circuits 10-1500 MHz

amplifiers, ZKL-1R5) high-frequency (1 – 1500 MHz) noise generator (RF Design, BBGen).

Later experiments used the amplified (2×Mini-circuits 10-1500 MHz amplifiers, ZKL-1R5)

output of a broadband (50 kHz – 500 MHz) white noise generator (Noise Brick NB3). The

maximum total current noise in the range 10 – 500 MHz was about 300 mA, only a small

fraction of which was transferred to the QCL, vide infra. The broadband noise generator was

replaced with a high frequency signal generator (Marconi Instruments, 2022E) to compare

with single frequency current modulation. In both cases the laser frequency was scanned

80



Chapter 3. Off-axis CEAS

typically 0.8 cm−1 at 200 Hz using a sawtooth voltage applied to the current driver by a

function generator (TTI TG230).

The output beam, with a power of up to 220 mW, was collimated by an aspheric lens

(f = 4 mm) and directed into an optical cavity composed of two high reflectivity ZnSe

mirrors (Los Gatos Research Inc.). A steering mirror in front of the cavity was mounted on

a translation stage to allow for easy adjustment of the beam alignment into the cavity. The

22 cm long cavity was enclosed by a stainless steel tube with an outlet port to a diaphragm

vacuum pump and an inlet port connected to a pressure gauge (Leybold Ceravac CTR 90)

and valve to allow introduction of the sample gas. For this study, the cavity was filled

to 60 Torr with a calibrated mixture of 10% CO2 in a N2/O2 mixture (BOC). The beam

transmitted through the cavity was focused onto a photovoltaic detector (VIGO, PVMI-

3TE-10.6) by an off-axis parabolic mirror. The output of the detector was amplified (Femto

DHPCA-100) and sent to a 20 MHz-bandwidth oscilloscope (LeCroy WaveSurfer), which

averaged scans and recorded data.

For the pump-probe experiment, conducted in parallel, a 5.26 µm cw DFB-QCL (Max-

ion, DQ5-M575AH-NS) was operated under similar conditions at an output power of 140

EC-
QCL

QCL

QCL

Temp/Current
Controller

RF
Source

Bias T

PVD

PVD

PVD

Figure 3.5: Experimental set-up of pump-probe (upper) and off-axis CEAS (lower) experiments.
The experiments used different DFB-QCLs run under very similar conditions with the current com-
bined with RF modulation in the bias-T. Arrows indicate inlets and outlets for gas samples and
vacuum pump.
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mW and a fixed frequency within the e component of the R(6.5) 1
2
v = 1← 0 ro-vibrational

transition in NO at 1900.07 cm−1. An external cavity (EC) QCL (Daylight Solutions)

outputting 100 mW optical power was tuned across the P(7.5) 1
2
v = 2 ← 1 transition at a

relatively slow rate (0.344 kHz/ns) using a function generator (TTi TG1304) output applied

to the diffraction grating actuator. The beams counter-propagated through a 70 cm long

cell filled with NO to a pressure of 43.5 mTorr, as shown in Figure 3.5, and the EC-QCL

signal was collected by a photovoltaic detector (Vigo PVMI-3TE-10.6). This configuration

results in a sub-Doppler velocity group being pumped from the ground vibrational state

into the first excited state by the DFB-QCL, which is then probed by the EC-QCL. The

width of the measured absorption is therefore a convolution of the velocity selected width

(determined by the pump laser linewidth) and the linewidth of the probe laser (∼2 MHz).168

Approximately 100 scans of the probe laser were taken with various levels of RF applied to

the DFB-QCL. The signals were averaged using a post processing program in MATLAB to

identify the absorption maxima and re-centre them to account for phase fluctuations in the

function generator. The frequency tuning rate was measured using a Ge etalon with a free

spectral range of 490 MHz at the working wavelength.

3.3.5 Results

The effect of the RF noise on the linewidth of the 5.26 µm pump laser is shown in Figure

3.6. Increasing the amplitude of the RF noise leads to an increase in the observed linewidth

as expected. With no RF noise applied the width of the absorption feature is measured

as 6 ± 0.01 MHz by fitting with a Gaussian profile. The linewidth is observed to increase

to 20 ± 0.02 MHz with 27 dB of amplification applied to the RF noise generator, and to

27 ± 0.03 MHz with 30 dB amplification. At 80 dB RF amplification (300 mA across 10

– 500 MHz), which is the RF power corresponding to the CEAS results, the line profile

was similar to the Doppler width of the transition (130 MHz) and therefore could not be

quantitatively measured using this method.

The extent of broadening to the 5.29 µm DFB-QCL was analysed under similar per-

turbation conditions using a low pressure reference gas. A portion of the laser output
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/ MHz

Figure 3.6: The hot band ab-
sorption from a pump-probe spec-
troscopy experiment with increasing
amounts of RF noise applied to the
pump laser. The signal with no RF
(black) has a width of 6 MHz, in-
creasing to 20 MHz with 27 dB noise
(red) and 27 MHz with 30 dB noise
(green) applied to the laser. All are
plotted against the detuning of the
probe laser from two-photon reso-
nance.

was directed through a 5 cm long glass cell with BaF2 windows containing a few Torr of

pure NO. The laser was scanned over the NO doublet absorption feature, consisting of sev-

eral overlapping hyperfine transitions centred at 1890.707 and 1890.719 cm−1. The signal

was measured on a photodiode (VIGO, PVMI-3TE-10.6) and recorded on an oscilloscope

(LeCroy WaveSurfer). The separation of the features (350 MHz) is larger than the linewidth

of the unperturbed laser (few MHz) and the linewidth of the transitions (∼130 MHz), so

the features are clearly separated in the black spectrum shown in Figure 3.7. In the first

case, 85 kHz modulation was applied to the laser through the bias tee according to a sim-

ilar experiment recently reported by van Helden et al. using an EC-QCL.169 It is clear

from Figure 3.7 that the modulation depths used in the previous study are not pragmatic

for this DFB-QCL system; the spread of signal upon modulation indicates that frequency
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Figure 3.7: NO 2Π1/2 and
2Π3/2 R(3.5) transitions at
1890.707 and 1890.719 cm−1 re-
spectively (i.e. ∆ν̃ ≈ 0.0117
cm−1) measured with the laser
modulated at 85 kHz with am-
plitudes of 0 mV (black), 100
mV (blue), and 300 mV (pur-
ple).
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excursions of the laser are on the order of GHz, which will lead to significant broadening

of measured absorption profiles. The broadened spectra are quite noisy relative to the

unperturbed laser.

The effect of broadband noise used in these experiments on the laser behaviour was

markedly different and is shown in Figure 3.8. The NO spectrum with the laser unperturbed

is again shown with a black line. The other spectra were collected with the amplified

BBGen noise generator perturbing the QCL with different bandwidths of noise applied. The

unfiltered RF noise (1 – 1500 MHz) had a negligible effect on the measured spectrum (red

line), and no change was observed when a 50 MHz high pass filter was inserted before the

bias tee (green line). There was a clear broadening of the spectrum – and thus presumably

the effective laser linewidth – when 30 MHz (dark blue) and 11 MHz (light blue) low pass

filters were applied to the RF noise. This behaviour reveals an interesting phenomenon –

the application of high frequency noise does not cause have the same effective linewidth
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Figure 3.8: Spectra of ≈ 2 Torr NO in a 5 cm long reference cell. The QCL was scanned at a rate
of 100 Hz with no RF modulation (black), amplified RF modulation (red), RF modulation ≥50 MHz
(green), RF modulation ≤30 MHz (dark blue), and RF modulation ≤11 MHz (light blue). Data are
offset for clarity.
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broadening effect, and it also prevents low frequency components from affecting a change.

This indicates that some parasitic elements in the circuit affect the frequency response of

the system, however these are not problematic if the applied modulation frequency is kept

below ∼30 MHz. Based on these results, we elected to proceed with the lower frequency

Noise Brick noise generator, which effectively broadened the laser without any bandwidth

filtering. A comparison of the frequency distribution of the two noise sources was performed

by taking a Fourier transform of an absorption-free portion of the spectrum with amplified

RF noise applied to the laser. The integrated area of each is approximately the same:

1.22× 104 V Hz for the BBGen device with 30 MHz low pass filter compared to 1.13× 104

V Hz for the Noise Brick. As expected from the manufacturers’ specifications, the Noise

Brick output was weighted more heavily to low frequency noise.

To determine the effect of this linewidth broadening on CEAS measurements, the

5.29 µm laser was scanned over the P(56) 11102 ← 00001 transition (1890.330 cm−1)

and the P(36) and P(37) 12202 ← 01101 transitions (1890.337 and 1890.490 cm−1 respec-

tively) of CO2. The absorption was calculated from the transmitted intensity (I) using the

usual CEAS formula assuming that the sample absorption is weak compared to the mirror

loss:149,150 (
Io
I
− 1

)
=

αL

(1−R)
. (3.6)

The absorption coefficient (α) can therefore be determined based on the physical cavity

length (L) and measured effective reflectivity of the mirrors (R). The reference signal

(Io) was determined by fitting the baseline to a third order polynomial in the frequency

domain. The average mirror reflectivity (geometric mean) was determined to be 0.99930

by measuring the ring-down time under the same alignment conditions as the absorption

measurements (τ oRD = 1.0490 ± 0.0225 µs). The cavity field was turned off for the ring-

down measurement by applying a sawtooth voltage ramp so that the laser current dropped

below the threshold level; the rate at which the current changed was much faster than the

ring-down time, and therefore does not affect the exponential decay. Figure 3.9 shows raw

data of CO2 absorption features at 1890 cm−1 with the corresponding absorption spectra

shown in Figure 3.10 for three laser current perturbation regimes: unperturbed (NP, blue),
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Figure 3.9: (left) Raw off-axis CEAS data (20 scans averaged) collected with laser frequency
decreasing at a scan rate of 200 Hz and represent 20 scans averaged (100 ms acquisition time)
corresponding to no perturbation (NP, blue), 1 MHz single frequency modulation (SM, green),
and broadband RF perturbation (BB, orange) applied to the laser current. Data are offset for
clarity. (right) Fast Fourier transform (FFT) analysis of baseline noise for the spectra shown.
While the single frequency modulation (SM) diminished the broad shoulder around 100 – 200 kHz,
the broadband perturbation (BB) completely eliminated this low frequency noise feature and the
frequency distribution appears homogeneous. The spike at low frequency corresponds to the FSR
of the cavity. Frequency in the FFT analysis given in Hz.

single frequency modulation (SM, green) and broadband (BB, orange) RF perturbation.

The difference in the quality of the data is readily apparent. The data shown here are

the average of 20 consecutive scans, which allowed for a significant improvement in SNR

compared to single shot measurements without significantly prolonging acquisition time.

The frequency axis was determined using the Ge etalon.

Each spectrum was fit with three Voigt lineshape profiles, with the Lorentzian compo-

nent of the lineshape fixed to the theoretical pressure-broadened width based on HITRAN

broadening parameters.6 The laser lineshape is likely to experience a Gaussian broadening

due to the finite bandwidth of the noise.170,171 Taking the Gaussian linewidth to be the

Doppler profile and allowing the Lorentzian component to vary did not affect the overall

results. Due to the significant overlap between the transitions at 1890.330 and 1890.337

cm−1, the centre frequency separation and line strength ratio were fixed in the fitting rou-
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Figure 3.10: Cavity-enhanced absorption spectra measured with no RF (blue), 1 MHz (green), and
broadband (orange) perturbation of the laser frequency (data offset for clarity) with Voigt profile
fits. All data were collected with laser frequency decreasing at a scan rate of 200 Hz and represent
20 scans averaged (100 ms acquisition time). Data are offset for clarity.

tine. The parameters of the fits shown in Figure 3.10 are given in Table 3.1. The narrow

fitted linewidth of the low wavenumber transition with the unperturbed laser is attributed

to the high noise level on this spectrum.

The SNR enhancement from the white noise generator was compared with 1 MHz

single frequency noise applied to the current. The modulation amplitude was 100 mV

(compared to the ≈ 6 V ramp for the entire frequency scan), which causes a similar degree

Table 3.1: Fitted integrated absorption, Voigt linewidths, and minimum detectable absorption
(MDA) for spectra shown in Figure 3.10. The transitions are given in order of increasing energy:
1890.330, 1890.338, and 1890.490 cm−1. The expected linewidths, based on HITRAN broadening
coefficients, are 0.01296, 0.01340, and 0.01422 cm−1, respectively. In all fits, Lorentzian linewidths,
centre frequency separation, and ratio of transition areas were fixed in fitting routine.

Noise condition A FWHM / cm−1 MDA per 100 ms

0.01191 0.01049
NP (No perturbation) 0.00398 0.01129 5.8× 10−2

0.00248 0.01540
0.01155 0.01608

SM (1 MHz single frequency modulation) 0.00386 0.02057 9.9× 10−3

0.00346 0.01717
0.01183 0.01542

BB (Broadband RF) 0.00395 0.01871 5.5× 10−3

0.00384 0.01757
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Table 3.2: Derived spectral linewidths from a Gaussian fit to data collected under the three
perturbation conditions and over different averaging times. The last column gives the mean absolute
residual to the fit.

Noise condition # averages FWHM / s σres / V

1 1.31× 10−4 1.11× 10−1

NP 10 1.07× 10−4 6.14× 10−2

100 1.03× 10−4 1.89× 10−2

2000 1.06× 10−4 4.87× 10−3

1 1.16× 10−4 1.34× 10−2

SM 10 1.15× 10−4 7.86× 10−3

100 1.15× 10−4 3.47× 10−3

2000 1.05× 10−4 1.31× 10−3

1 1.15× 10−4 1.22× 10−2

BB 10 1.13× 10−4 3.19× 10−3

100 1.13× 10−4 1.68× 10−3

2000 1.20× 10−4 1.12× 10−3

of lineshape broadening compared to the noise source (∼30% broader than the unperturbed

regime) as indicated in Table 3.2. This degree of linewidth broadening corresponds to a

current excursion of approximately 3 mA, indicating that only about 1% of the RF power

is injected into the laser. It was not possible to precisely measure the coupling efficiency

because the laser chip was housed in a sealed unit. The low coupling efficiency estimated is

reasonable since the previous study using a VCSEL found an RF noise coupling efficiency

of 1% using a similar set-up.161

Using the treatment described by Moyer et al., acquisition bandwidth-corrected mini-

mum detectable absorption (MDA) values were determined for the three different conditions

of laser frequency perturbation based on the data and fits shown in Figure 3.10.52 Using the

standard deviation of the residual to the fit as σres, the MDA for 1 MHz single frequency

modulation is 9.95×10−3 Hz−1/2 based on the 100 ms measurement, which itself repre-

sents a twentyfold improvement of the MDA from a similar study with an EC-QCL.169 The

broadband RF source provided an even greater improvement in sensitivity, with an MDA

of 5.54×10−3 Hz−1/2. This is more than a factor of ten better than the same measure-

ment with no RF perturbation. Furthermore, fast Fourier transform (FFT) analysis of the

baseline (Figure 3.9) shows that the broadband perturbation homogenized the frequency

distribution of the noise.
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(a) No RF

(f) Broadband + filter(e) Broadband

(d) 1 MHz + filter(c) 1 MHz

(b) No RF + filter

Figure 3.11: Comparison of off-axis CEAS cavity transmission signal for different noise conditions
and averaging times. Data averaged over 2000 (purple), 100 (blue) and 10 (green) scans are shown
with a single scan (orange). The noise conditions were: (a),(b) unperturbed; (c),(d) 1 MHz modula-
tion; (e),(f) broadband RF perturbation. A 15 kHz low-pass filter was used to reduce high frequency
noise in (b), (d), and (f).
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Figure 3.12: Allan-Werle plot of
signal variance for off-axis CEAS
with no RF perturbation (blue),
100 mV modulation at 1 MHz
(green), and broadband RF pertur-
bation with 80 dB amplification (or-
ange). The typical signal amplitude
in all cases was about 150 mV. The
NP variance has been scaled by three
orders of magnitude for clarity. Each
line is an average of the signal vari-
ance at six or more points across the
scanned region. 0.1 1
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Where rapid acquisition is not required, the SNR can be further enhanced by longer

signal averaging. Figure 3.11 shows a series of measurements varying the number of scans

averaged for the three laser current conditions. The single point Allan-Werle variance (Fig-

ure 3.12) indicates an improvement in sensitivity up to two seconds averaging time.50,51 Not

only is there a substantial improvement with single frequency or broadband perturbation, in

agreement with the values in Table 3.2, the noise also pushes the minimum in the variance

curves to longer averaging times. Thus, the sensitivity can be improved by averaging over

longer periods when current perturbation is applied. This shows that, with a broader laser

linewidth, the signal intensity is less vulnerable to, for example, changes due to mechanical

disturbances or temperature variations.

Long-time measurements are subject to baseline drifts, which can be minimized with

improved thermal isolation and mechanical stability of the detector and cavity. To measure

an optimal sensitivity, 400 scans were averaged with a 15 kHz low pass filter on the signal to

eliminate high frequency noise. While the filter effectively reduced high frequency noise on

the signal (see Figure 3.11), the absorption profile signal was broadened by a further ∼ 20%.

A cubic baseline fit yields a standard deviation of 1.92×10−3, which results in a minimum

measurable absorption coefficient (αmin) of 6.1×10−8 cm−1 corresponding to a minimum

detectable CO2 concentration of 314 ppm at 60 Torr. For comparison, a similar baseline fit

of the unfiltered spectra averaged over 20 scans yields an αmin of 5.7×10−7 cm−1. This is

lower than the αmin value associated with the MDA given above as this solely accounts for

90



Chapter 3. Off-axis CEAS

baseline noise and does not include errors due to the quality of the lineshape fit.

3.4 Conclusions

Off-axis CEAS measurements of CO2 with a DFB-QCL were significantly enhanced by ap-

plying a perturbation to the driving current, which was shown to broaden the effective

linewidth of the laser. Both broadband and single RF modulation of the laser frequency

significantly improved the SNR compared to the control experiment without laser perturba-

tion, however the white noise demonstrated several advantages in experimental robustness

and sensitivity. An MDA of 5.54×10−3 Hz−1/2 was achieved with an acquisition time of 100

ms, demonstrating a tenfold improvement over the unperturbed condition. The fast acquisi-

tion time makes this technique suitable for studies requiring rapid, real-time measurements

such as breath diagnostics or atmospheric monitoring. Allan-Werle analysis demonstrated

that the laser current perturbation extends the optimal averaging time since the random

current fluctuations that broaden the linewidth ease restrictions on the stability of the cav-

ity. RF perturbation can be improved with further investigations of the frequency response

of the QCL system and adjustments to the bias tee circuitry in order to determine the most

effective RF range for modulation and eliminate parasitic electronic effects. The technique

may be used to tune the effective linewidth of the QCL for applications benefiting from

specific linewidths broader than the intrinsic bandwidth of the laser. Broadband pertur-

bation is an ubiquitous tool that can be applied to a range of experiments with varying

alignments and scanning conditions without making any alterations to the modulation con-

ditions. The relaxation of cavity alignment tolerances makes this technique particularly

attractive for field applications where in situ adjustments are difficult. In the fight against

noise, sometimes more noise is the solution.
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Chapter 4

V-shaped Cavity OF-CEAS: Extension to New

Mid-infrared Laser Sources

4.1 Introduction to OF-CEAS

Laser spectroscopists have long lamented problems arising from inadvertent reflections re-

turning to the laser facet. When a sufficient amount of phase-matched light within the gain

spectrum of the semiconductor laser is coupled into the laser cavity, a phenomenon known

as optical feedback occurs. The external field acts as injection seeding, causing the laser fre-

quency to deviate from the free running condition dictated by the current and temperature

applied.172–174 Under the influence of optical feedback, a continuously scanning laser will

exhibit discontinuous jumps in emitted wavelength and spectral information will be lost.

The simplest type of optical feedback originates from a single reflection off an exter-

nal reflector. This type of feedback is a pervasive, often unwanted, effect and has been

studied extensively in diode lasers, notably in a seminal article published by Roy Lang and

Kohroh Kobayashi in 1980.173,174 They laid the groundwork for theoretical descriptions of

the behaviour of a feedback-coupled laser, which will be discussed further vide infra. In

this paper, the authors noted multistability in laser frequency arising from interfering ef-

fects – due to a broad gain spectrum and sensitive dependence of laser medium refractive

index on temperature and carrier density – which leads to a characteristic sawtooth-like

power and frequency output as the laser current is scanned. The sawtooth arises from pe-
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riods of retarded frequency tuning, relative to the free running rate, interjected by nearly

instantaneous frequency jumps.175

Feedback can arise from sources other than direct reflections, such as high finesse

optical cavities. Optical-feedback cavity-enhanced absorption spectroscopy (OF-CEAS),

first demonstrated by Jérôme Morville et al. in 2005, exploits optical feedback to couple

the laser with an optical cavity containing an absorbing gas.176 When the laser is aligned

on-axis with an optical cavity, a resonant feedback field arises if the laser wavelength excites

a longitudinal mode of the cavity, stimulating laser emission at the resonant wavelength. If

the cavity has a high finesse, this returning field has a narrow linewidth (∼10s – 100s of kHz)

relative to the free running linewidth of the laser (∼ few MHz for QCLs, typically determined

by the quality of the current controller). Thus, a resonant cavity field in phase with the laser

induces a narrowing of the emitted linewidth, even beyond the cavity bandwidth.176–179 The

laser becomes “locked” to the cavity frequency. This term can be misleading as it describes

the condition when the laser frequency is being tuned at a rate proportional to the inverse

square of the ring-down time; for most optical cavities, this change is much smaller than

the linewidth of the field and the laser frequency is treated as a single value.179 The passive

locking of the laser to the resonant cavity allows a build-up of intracavity intensity and,

correspondingly, an increase in the measured transmission signal. The narrowed linewidth

enhances injection efficiency into the resonant cavity field as the portion of laser power

within the cavity linewidth increases, creating a positive feedback loop until an equilibrium

is reached. At this point, signal amplitude noise arising from laser frequency fluctuations is

eliminated.179 The cavity remains in resonance much longer than the average photon lifetime

of the system before discontinuously returning to its free running condition (dictated solely

by electronic drivers).

As the laser frequency is scanned, it comes into and out of resonance with the cavity,

forming a comb of frequencies that can be used to probe molecular absorptions of gases

within the cavity. The resonant cavity modes are separated by the FSR of the cavity, which

is simply determined by its physical length (L), the refractive index of the intracavity
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medium (ni), and the speed of light (c):

FSR =
nic

2L
. (4.1)

The FSR is usually on the order of the Doppler linewidth of the sample gases at ambient

temperatures (∼ 50 – 300 MHz in the mid-infrared), making this technique best suited for

pressure-broadened systems typical of sensing applications.

The next section introduces the theoretical basis of OF-CEAS, followed by a description

of three different V-shaped OF-CEAS experiments and the results obtained. These systems

represent the first successful demonstrations of OF-CEAS with DFB-ICL and EC-QCL

sources, and the viability of these lasers for optical feedback experiments is discussed.

4.2 OF-CEAS theory

4.2.1 Feedback effects

Understanding the physical basis of OF-CEAS requires developing quantitative descriptions

of the laser and intracavity radiation fields. The time-varying laser field (E) under the

influence of optical feedback can be modelled as:173,180

d

dt
(E(t) exp(i2πνt)) = E(t) exp(i2πνt)

[
iπc

no`
+

1

2
(G(N)− Γo)

]
+κE(t−τ) exp(i2πν(t−τ))

(4.2)

where variables include the carrier density-dependent gain factor (G(N)), the laser cavity

loss (Γo), the refractive index of the gain medium (no), the laser cavity length (`), and

the laser frequency (ν). The last term on the right-hand side was added by Lang and

Kobayashi in order to account for feedback effects, scaled by κ and delayed by some time

constant τ .173 One can derive an expression relating the free running laser frequency (νo)

to the feedback-coupled laser frequency (νfb):

νo = νfb +

√
β(1−Ro)c
2`no
√
Ro

[
Re(hfb) sin

(
4πL′νfb

c

)
− Im(hfb) cos

(
4πL′νfb

c

)]
. (4.3)
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Figure 4.1: Schematic of V-shaped optical cavity where light is injected through M0 and is reflected
in a V pattern with a small angle between the two cavity arms. In this case, the cavity transmission
through M1 is measured, however the signal can be measured after M2. The reflection (r) and
transmission (t) coefficients are labelled individually for the three cavity mirrors as shown.

The full derivation is given in the Appendix. The expression given assumes αH = 0, such

as for QCLs, however application of a
√

1 + α2
H scale factor to the numerator of the right

hand term can account for linewidth broadening effects in other types of lasers. Feedback

is dependent on the reflectivity of the laser facet (Ro), the laser–cavity distance (L′), the

feedback rate (β), and the feedback transfer function (hfb). The feedback rate is the ratio

of the power of feedback light coupled back into the laser to the power emitted by the laser.

The transfer function describes changes to the field intensity and phase due to external

optics, and is therefore determined by the characteristics of the optical cavity. The first

OF-CEAS experiments utilized V-shaped optical cavities comprised of a central folding

mirror, through which the incident light enters, and two end mirrors as shown in Figure

4.1. This geometry ensures that only light leaking from the cavity will return back to the

laser facet since the reflection of the emitted beam incident on M0 is directed away from

the laser. Cavity transmission can be measured from light leaking out of either – or both –

end mirrors. The field returning to the laser is the sum of light leaking through M0 (from

the M1 arm) on each round-trip pass:

Efb = Ei
[
t2r1 exp (−(2ik + α)L1) + t2r2

or
2
1r2 exp (−(2ik + α)(2L1 + L2))

+ t2r4
or

3
1r

2
2 exp (−(2ik + α)(3L1 + 2L2)) + . . .

] (4.4)

where Ei is the incident field, α is absorption coefficient, and the transmission (t) and

reflection (r) coefficients are as indicated in Figure 4.1. The phase factor term k is defined

as 2π/λ. On each pass, the field undergoes an odd number of π phase shifts off the dielectric
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mirror and an even number of π Gouy phase shifts through an intracavity waist if all mirrors

are concave (or an odd number if M0 is flat while M1 and M2 are curved). It is important

to note here that ri and ti refer to reflection and transmission coefficients, which apply to

the electric field, whereas Ri and Ti are the reflectivity and transmissivity of the intensity

such that, for example, Ri = |ri|2. Using an approximation for the infinite sum, which is

valid when α� 1, the feedback transfer function can be written as:

hfb,V =
Efb
Ei
≈ t2r1 exp (−(2ik + α)L1)

1− r2
or1r2 exp (−(2ik + α)(L1 + L2))

. (4.5)

In order to calculate its value based on measurable quantities, it is reasonable to assume that

an average reflectivity can be used for all mirrors (R = |r1|2 = |r2|2 = |ro|2). Furthermore,

typical V-shaped optical cavities have arms of equal length (L1 = L2 = 1
2L), and so the

transfer function is:

hfb,V =
T
√
R exp

(
−(2ik + α)L2

)
1−R2 exp (−(2ik + α)L)

. (4.6)

When the laser is on resonance, this simplifies to:

hfb,V =
T
√
R exp

(
−αL2

)
1−R2 exp(−αL)

(4.7)

or, in the case of zero absorption:

hofb,V =
T
√
R

1−R2
. (4.8)

The transfer function in Equation 4.3 is therefore only dependent on cavity length, laser

frequency, mirror reflectivity, and intracavity absorption.

Next, it is necessary to consider how the absorption is calculated when the radiation

field overlaps itself as it passes through the sample. In contrast to multipass cells where the

beam interacts with a different region of the sample volume on each pass, some of the gas

molecules along the overlapping beam path will already be internally excited by absorption.

To determine an expression relating molecular absorption to a change in measured cavity

transmission, a similar method is applied as above to find a transfer function describing the
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transmitted field. The cavity transmission can be measured after either M1 or M2, which

have slightly different transfer functions labelled hV 1 and hV 2 respectively given by:

hV 1 =
tt1 exp

(
−(2ik + α)L4

)
1− r2

or1r2 exp(−(2ik + α)L)
(4.9)

and

hV 2 =
tt2ror1 exp

(
(2ik + α)3L

4

)
1− r2

or1r2 exp(−(2ik + α)L)
. (4.10)

As the signal measured is an intensity, it is more useful to determine the ratio between

the transmitted and incident laser intensity. At a resonant frequency this ratio of light

intensity measured on the M1 arm, for example, is:

Iα
Ii

= |hV 1|2 =
T 2 exp

(
−αL2

)
(1−R2 exp(−αL))2 (4.11)

while in the case where no absorbing species is present:

Io
Ii

= |hoV 1|2 =
T 2

(1−R2)2
. (4.12)

The amount by which absorption attenuates the transmitted light intensity can then be

inferred by finding the ratio:

Io
Iα

=
|hoV 1|2

|hV 1|2
=
T 2
(
1−R2 exp(−αL)

)2
T 2 exp

(
−αL2

)
(1−R2)2 . (4.13)

Assuming exp(−αL2 ) ≈ 1 and applying the approximations ln(1 − x) ≈ −x − x2

2 . . . and

(1 − x2) ≈ 2(1 − x) leads to a simple expression relating the absorption coefficient to

measured signals:

α =
(1−R2)

L

(√
Io
Iα
− 1

)
=

2(1−R)

L

(√
Io
Iα
− 1

)
. (4.14)

Equation 4.14 is the same for both hV 1 and hV 2.
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Figure 4.2: Sample
Airy function model of
cavity transmission for
three different values of
R: 0.999 (blue), 0.99
(green), and 0.9 (red).
An optical cavity length
of 100 cm is assumed in
all cases, and the cavity
transmission is normal-
ized against incident
light intensity.

4.2.2 Optical cavity theory

The width of the resonance, or cavity bandwidth, is determined by the mirror reflectivity,

as seen in Equation 3.1 which defines the cavity finesse. The cavity transmission (I) for

light injected at normal incidence can be described by an Airy function:181

I = Ii

(
1 +

4R

(1−R)2
sin2

[
2πνL

c

])−1

(4.15)

where Ii is the incident power and ν̃ is laser frequency in Hz. Calculated Airy functions

for typical optical cavities in Figure 4.2 clearly show a narrowing in cavity bandwidth as

R increases. For OF-CEAS, the laser bandwidth is much smaller than the FSR of the

cavity and the cavity length is fixed while the laser frequency is scanned. In other systems,

particularly with broader laser sources, the laser wavelength is fixed and the cavity length

is scanned by mounting a mirror on a movable platform or piezoelectric actuator.142

4.2.3 Phase matching

Models must consider phase effects carefully since feedback must be in phase with the laser

emission in order to stimulate emission and lock the frequency. In addition to the phase
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development arising from the distance covered by the intracavity field, the intracavity field

will undergo a π Gouy phase shift at its focal point located at zo.
35 As long as each round-

trip pass of the cavity involves an even number of Gouy phase shifts, there is no destructive

interference from this effect. For the V-shaped systems, it was assumed that TEM00 are

the dominant transverse modes.179

The cavity mirrors alter the phase of the field reflected off the high reflectivity surface.

Cavity mirrors are typically fabricated from high quality, optically transparent substrates

with specialized coatings for the wavelength of interest. In the mid-infrared, common sub-

strate materials include ZnSe, CaF2, and BaF2. On the front face of the mirror – the surface

on the inside of the cavity – a dielectric film is deposited that results in high reflectivity

at the target wavelength. This coating is a series of alternating layers of thin dielectric

films with two different refractive indices (n1 > n2), beginning and ending with the more

optically dense material (n1). If the optical thickness of each layer is equivalent to λ/4, i.e.

n1l1 = n2l2 = λ/4, then all reflections will be in phase as shown in Figure 4.3.10 Multiple

layers result in a large fraction of the incident light being reflected with constructive inter-

ference between beams reflected from each interface. Similarly, an anti-reflection coating

can be applied to a substrate where a dielectric material with a refractive index between

that of the substrate and air is sandwiched between the two media. If this layer has a

thickness equivalent to λ/4, then complete destructive interference will occur between the

reflected beams.

Phase-matching should be optimized for as many excited longitudinal modes as possible

in the ideal case. To ensure that each consecutive longitudinal mode has the same phase

as the laser, the laser–cavity distance (L′) is set to an integer multiple of the cavity length.

Or, more specifically, it should satisfy 2L′ = Nλ at each wavelength of the cavity where N

is a positive integer.

The picture becomes slightly more complex in a V-shaped cavity. The beam follows the

pattern M1 → M0 → M2 → M0 → M1 → M0 → M2 . . . where any field that leaks out

through M0 on the passes in boxes can return to the laser. Thus, if the total cavity length

is L with symmetric arms, the feedback field traverses L + 2nL before exiting the cavity.
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Figure 4.3: Schematic of reflections from dielectric coating. The coating consists of alternating
high (blue) and low (green) refractive index materials (n1 > n2) such that there is a π phase shift
for reflections from the low-to-high interfaces (indicated by grey dashed lines). Each layer has a
thickness of λ/4 where λ is the wavelength of incident light.

Considering the case where L′ = nL, the condition given above would only be true for even

n and only every other longitudinal mode would be in phase at the laser. To make sure the

laser frequency locks to each consecutive longitudinal mode, L′ = 1
2L+ nL is required.

In Section 3.1, an analogy was drawn between the resonant intracavity field of a simple

two-mirror optical cavity and the quantum mechanical particle-in-a-box. For a V-shaped

system, one can imagine folding the linear system about the halfway point, where the central

folding mirror is inserted. If the total cavity length is equal to an even integer multiple of

the laser wavelength, the resonant standing wave will have a node on the central mirror; on

the other hand, an odd integer of the wavelength will result in an antinode at the mirror.

The reflectivity of dielectric films is subtly phase-dependent, so the reflection coefficient

for resonant light at even and odd harmonics can be different. If every mode is excited,

even and odd harmonics must be separated and treated as two data sets with different

corresponding R values. Armed with this background theory, we now investigate how well

the technique works.

4.3 History

The first OF-CEAS experiment was performed by researchers at Lyon and Grenoble.176

They reported αmin = 2 × 10−10 cm−1 (10 s average) for measurements of ambient water

vapour using a 1312 nm diode laser and 88 cm long V-shaped optical cavity. The good
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sensitivity achieved demonstrated the potential power of the technique for trace gas studies.

A number of studies using V-shaped systems and diode lasers soon followed which reported

similar αmin values for measurements of several important trace species summarized in

Table 4.1. Using a very high finesse (F > 140, 000) cavity, Landsberg et al. achieved the

best OF-CEAS sensitivity published at this time, αmin = 5.7 × 10−11 cm−1 Hz−1/2.182 It

should be noted that noise can further be reduced by performing FMS in combination with

OF-CEAS – similar to the NICE-OHMS technique – with an estimated αmin of 2.1× 10−11

cm−1 Hz−1/2 in the first study.183

OF-CEAS has proven to be useful in field applications. CH4, CO, and δ2H/CH4

signatures in ice cores from Greenland and Antarctica have been measured using diode

laser-based systems.184–186 A breath analyser using a single OF-CEAS system measured

CO, CH4, and NH3 in hospitalized patients with detection limits of ≤ 25 ppb.90

Though first developed with diode lasers, several researchers quickly recognized the

opportunity to use OF-CEAS to overcome shortcomings in mid-infrared cavity-enhanced

spectroscopy. Optical feedback allows a large build-up of intracavity intensity due to laser

linewidth narrowing and frequency locking, which results in a transmitted signal intensity

that is much greater than for other cavity-enhanced techniques. Detectivity in the mid-

infrared is inherently more limited than for shorter wavelengths since thermal fluctuations

are more likely to be significant. OF-CEAS requires pressure-broadened gas samples for ac-

Table 4.1: Table of V-shaped diode laser studies. All experiments were conducted with DFB diode
lasers unless noted otherwise.

λ (nm) Gases detected Sensitivity Finesse

Morville, et al.176 1312 H2O 2× 10−10 cm−1 (10 s) 20,000

Kerstel, et al.187 1392 H2O isotopes 4× 10−10 cm−1 Hz−1/2 20,000

Romanini et al.188 1659 CH4 2× 10−9 cm−1 (200 ms) 21,000

Courtillot et al.189 411* NO2 3.5× 10−9 cm−1 (70 ms) 35,000

Baran et al.178 1596 H2O, CO2 5.8× 10−9 cm−1 Hz−1/2 3,500

Cermak et al.190 2.3 µm** H2O, CO2, CH4 2.5× 10−8 cm−1 (260 ms) 15,000

Desbois et al.191 1603 nm CO2 5× 10−10 cm−1 (4 s) 24,000

Landsberg et al.182 1.4 µm H2O isotopes 5.7× 10−11 cm−1 Hz−1/2 >140,000

* Extended cavity diode laser
** Vertical-cavity surface-emitting laser
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curate measurements; moving to a spectral region where lines are more separated alleviates

problems from overlapping transitions.

The linewidth and stability of a semiconductor laser subject to feedback can be classi-

fied by five regimes based on the feedback rate (ratio of feedback to output laser power) and

phase as depicted in Figure 4.4.192 For feedback rates as low as 10−8, the laser linewidth

may broaden or narrow depending on the phase of the feedback; apparent broadening can

occur due to rapid mode-hopping when the feedback is out of phase. Feedback rates in two

regimes between approximately 10−5 – 10−4 and > 0.1 lead to narrowed, single mode emis-

sion.192,193 The range in between (∼ 10−4 – 0.1) is termed Regime IV and is characterized

by coherence collapse. When subject to significant feedback intensities, the natural relax-

ation oscillation damping of the laser is weakened leading to sidebands in the laser emission

separated by this oscillation frequency.194,195 This leads to chaotic behaviour, experimen-

tally observed as significant broadening of the laser linewidth.192,193,196 Diode lasers exhibit

broadening due to spontaneous phase shifts enhanced by relaxation oscillations, indicated

by the linewidth broadening coefficient αH introduced by Charles Henry (typically ∼ 5 –

7 for diode lasers).171,195 In contrast, the single charge carrier mechanism of QCLs allows

for very fast relaxation, resulting in αH ≈ 0. QCLs are therefore immune to coherence col-
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Figure 4.4: Schematic of operating
characteristics of diode lasers in five feed-
back regimes.192 Regimes I and II are de-
pendent on the feedback phase and the
transition between them depends on the
round-trip distance of the feedback field.
Regime IV is distinguished by chaotic
laser emission and occurs for lasers with
non-zero linewidth enhancement factors.
Only Regimes III and V are suitable for
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lapse and can exhibit single mode linewidth narrowing even at high feedback rates.193,197

Interband cascade lasers (ICLs) have a very low broadening coefficient (αH = 0.71) so may

be insensitive to coherence collapse, though no studies have been conducted (to my knowl-

edge) on ICL feedback response.198 Since strong feedback rates do not lead to a chaotic

break-down of linewidth narrowing in QCLs (and potentially ICLs), these new lasers ex-

hibit single mode, narrowed linewidth emission for all feedback rates above Regime II (see

Figure 4.4) without any maximum limit. As these lasers are well-behaved even under very

high feedback rates, they are very attractive for OF-CEAS.

V-shaped OF-CEAS using mid-infrared DFB-QCLs was first reported by two separate

groups in 2010. Hamilton et al. used a 7.84 µm DFB-QCL for measurements of N2O

and CH4, and demonstrated αmin = 5.5 × 10−8 cm−1 for 1 s averaging.199 Maisons et al.

also detected N2O at a shorter wavelength, 4.46 µm, achieving a 1 s-averaged sensitivity

of 3 × 10−9 cm−1.200 In more pragmatic terms, the detectable concentration limit of the

former study was 2 ppb at 1 bar compared to 35 ppt at 40 Torr for the latter; since the

measurements were taken under very different conditions, it is impossible to scale them

by number density alone with confidence as the lineshape will change significantly. Later,

Gorrotxategi-Carbajo et al. measured H2CO using a 5.65 µm DFB-QCL with a sensitivity

of 1.6× 10−9 cm−1 for a single 100 ms scan.201

The work presented in this chapter builds upon these previous OF-CEAS studies. First,

the model of the optical feedback-driven laser–cavity coupling is refined to verify the basic

assumptions that lead to Equation 4.14. The technique is then extended to DFB-ICLs and

an EC-QCL; demonstration of OF-CEAS with these sources has previously been unreported

in the literature.

4.4 Refining the feedback model

The relationship between the laser and cavity is one of the elegant features of OF-CEAS.

The co-dependence of laser linewidth and feedback rate can only be described using a dy-

namic model as static equations cannot account for the quasi-positive feedback cycle that

determines the equilibrium conditions. Initially, when the laser comes into resonance with
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a high finesse cavity, only a small fraction of the light can be coupled into the resonant in-

tracavity field since the laser linewidth (∼ few MHz for the semiconductor lasers used here)

is much broader than the cavity bandwidth (∼ 10s kHz). The feedback rate to the laser

will therefore be limited to some extent by this poor overlap. As the laser starts to experi-

ence phase-matched feedback, the linewidth of the laser emission begins to narrow. Under

conditions limited by 1/f noise, Morville et al. provide the following relationship between

the locked laser linewidth (∆νlocked) and the free running laser linewidth (∆νo):
179,202

∆νlocked = ∆νo
[
βε2hfb(1 + α2

H)
]−1/2

(
τlas

τRD

)
. (4.16)

The extent of line narrowing is determined by the ratio of the laser and cavity bandwidths,

represented by the laser photon lifetime (τlas) and cavity ring-down time (τRD), the overlap

of the intracavity and incident laser fields (ε2), the transfer function for feedback from the

cavity (hfb), and the feedback rate coefficient (β). The β value is a frequency-independent

scaling factor determined by the losses of the feedback light due to diffraction and the

finite size of the laser facet aperture. The term in brackets can be thought of as an effective

feedback rate experienced by the laser. The overlap term (ε2) increases as the laser emission

narrows, which enhances coupling into the resonant cavity field, and so the feedback rate

rises as the linewidth narrows. As seen in Equation 4.16, an increased feedback rate will

further narrow the laser linewidth, generating a quasi-positive feedback cycle (see Figure

4.5) until the laser linewidth is well below the cavity bandwidth and the feedback rate

reaches an equilibrium. Due to these coupled effects, an iterative algorithm is required to

quantitatively determine the equilibrium field overlap and feedback rate.

A LabVIEW program was written to model the relationship between coupled laser

linewidth and feedback rate using an iterative loop. The cavity field (Icav) was modelled,

as explained in Section 4.2.2, by an amplitude-normalized Airy function (Equation 4.15)

with the finesse determined by the reflectivity of the mirrors and absorption losses within

the cavity. The laser field intensity (IL) was simulated using an area-normalized Lorentzian
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Figure 4.5: Flow diagram showing co-dependence of laser and cavity characteristics in the feedback
model.

function:179

IL(ν) =
2

π∆νL

(
1 + 4

(
(ν − νo)

∆νL

)2
)−1

(4.17)

where ∆νL is the FWHM and νo is the centre frequency of the laser. The overlap of the

two fields was calculated using an overlap integral:

ε2 =
|
∫
IL(ν)Icav(ν)dν|2∫

IL(ν)dν
∫
Icav(ν)dν

. (4.18)

Equation 4.6, giving the feedback transfer function for a V-shaped cavity, was used for hfb

in Equation 4.16.

Absorption alters the radiation in several ways. When an absorbing species is present

in the cavity, the lifetime of the intracavity light is decreased and the cavity bandwidth is

broadened. At the same time, the feedback rate is decreased, which leads to less significant

narrowing of the laser linewidth compared to the absorption-free condition. Both the change

in cavity bandwidth and laser linewidth will alter the coupling efficiency of light into the

cavity. Looking back at Section 4.2.1, Equation 4.13 was determined under the assumption

that the light incident on the cavity is the same regardless of whether or not an absorbing

species is present inside. If the overlap term (ε2) is highly dependent on α, this assumption

may not be valid. The LabVIEW program was therefore used to calculate equilibrium
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overlap conditions for a range of α and β values to determine the validity of the assumption.

The system modelled was based on a 3040 cm−1 ICL using the αH value of 0.71 reported

by Lerttamrab et al..198 Though the linewidth of ICLs has not been precisely measured, the

DFB structure should result in the emitted linewidth similar to DFB-QCLs, typically on

the order of a few MHz (10−4 cm−1). Under these conditions, the laser does not contribute

to the spectral lineshape even in the Doppler-limited regime (∆ν ≈ 150 MHz). The ICL

chip size was estimated to be approximately 1 mm, giving a laser photon lifetime of 3 ps.

The model assumed a cavity with an average mirror reflectivity of 0.999 and total cavity

length (including both arms) of 100 cm, as well as phase matching between the laser and

intracavity fields. It was assumed that the absorption feature is much broader than the

cavity linewidth such that α is constant over a single cavity mode. An enhanced feedback

rate, defined by the expression in square brackets in Equation 4.16, and coupled laser

linewidth (Equation 4.16) were calculated to account for changes in laser–cavity coupling.

Up to 100 iterations were completed until there was clear convergence of the laser linewidth

and feedback enhancement to equilibrium values. For each value of α, the model additionally

computed results for an absorption-free system with the same β .

As expected, the model predicted a broader laser linewidth when an absorbing species

is present compared to the absorption-free condition. For example, the laser linewidth is
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Figure 4.6: Cavity and laser
spectral overlap calculated as a
function of absorption coefficient
for β values of: 10−2 (blue), 10−3

(green), 10−4 (yellow), 10−5 (or-
ange), and 10−6 (red). Overlap
increases dramatically at high α
values due to broadening of both
the coupled laser linewidth and
cavity bandwidth due to absorp-
tion. The turning point for the
lowest feedback rate (red circles)
indicates that the coupled laser
linewidth actually becomes larger
than the cavity bandwidth for α >
2 × 10−5 cm−1 leading to a de-
crease in overlap.
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13 – 14% broader than the absorption-free condition when α = 10−6 cm−1 (e.g. 4.7 kHz

compared to 4.1 kHz when β = 10−4). In addition to this broadening in laser linewidth,

absorption leads to broadening of the cavity bandwidth. This allowed better spectral overlap

such that coupling is actually higher with absorption, and ε2 becomes dependent on α at

high values as shown in Figure 4.6. The final enhanced feedback rate only decreases by 7 –

8% for β values ranging from 10−2 – 10−6. The effects become more significant for larger

α values, and the change in coupled laser linewidth becomes slightly more pronounced for

low feedback rates. Therefore, Equation 4.14 is not valid for strongly absorbing samples. A

coupling efficiency parameter γfb must be introduced to take into account the changes in

laser and cavity linewidths:

α =
2(1−R)

L

(√
γfb

Io
Iα
− 1

)
. (4.19)

The scaling factor γfb is related to the spectral overlap of the incident radiation and reso-

nant cavity transmission lineshape with and without an absorbing species, and is generally

≥ 1. Assuming γfb = 1 in all cases (as is normally done) may therefore result in an under-

estimation of α near the line centre of strongly absorbing transitions. The model suggests

γfb only becomes significantly different from unity for α ≥ 5× 10−6 cm−1 under the condi-

tions assumed in the model. The absorption values measured in the OF-CEAS experiments

presented here are generally within the regime where this assumption holds true. In a few

cases, however, lineshape distortions and underestimations in the measured absorption un-

der conditions where α > 5 × 10−6 cm−1 indicate that these feedback enhancement effects

can indeed influence measurements, and these are discussed further vide infra.

4.5 DFB-ICL V-shaped OF-CEAS: Greifswald

4.5.1 3.24 µm DFB-ICL characterization

The initial ICL-based OF-CEAS studies were performed at the Leibniz-Institut für Plas-

maforschung und Technologie e.V. (INP Greifswald) within the Process Monitoring Re-

search Programme.203 A 3.24 µm cw single mode DFB-ICL (Nanoplus) emitting up to 3
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mW was housed in a TO3 can with collimation lens enclosed and mounted on a custom-

made water-cooled heat sink. The collimating lens could not be adjusted without opening

the laser housing, however measurements with a microbolometer (WinCamD) verified negli-

gible divergence over a path length of ∼ 1.5 m. The temperature was set between 10 – 20◦C

and thermoelectrically controlled (Wavelength Electronics, PTC10K-CH). Current from a

threshold level of ∼ 75 mA up to a maximum 200 mA was supplied by a commercial driver

(Wavelength Electronics, QCL1000). This range allowed a frequency tuning range of ∼ 10

cm−1 around 3086 cm−1. An Allan-Werle variance plot of normalized laser output intensity

demonstrated that white noise is the main contributor when a single current is applied to

the ICL.

4.5.2 Experiment

For the OF-CEAS experiment, a function generator (Hewlett Packard 33120A) was used

to scan the 3.24 µm ICL ∼ 0.35 cm−1 with a sawtooth function at 50 Hz. All data were

collected with the laser scanning to lower wavenumber. As shown in Figure 4.7, the beam

was directed through a BaF2 window into a sealed aluminium box with one steering mirror

mounted on a piezoelectric transducer (PZT) for fine control of the feedback phase. The

windows were tilted with respect to the optical axis to reduce reflections returning to the

laser. The box had inlet and outlet ports for gas sample introduction and evacuation,

PVD

PZT
OAPM

Computer

sample
gas

vacuum
pump

M1

M2

Mo

ICL

Figure 4.7: Schematic of the OF-CEAS experimental set-up with V-shaped optical cavity. The
shaded box indicates the sealed sample container and the green dashed line shows the phase-locking
electronic control loop. Note: Mi = spherical mirrors, PVD = photovoltaic detector, OAPM =
off-axis parabolic mirror, PZT = piezoelectric transducer.
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and was connected to a pressure gauge (MKS capacitive transducer). Inside the box, a

V-shaped cavity with 40 cm long arms was constructed from three spherical mirrors. The

2.54 cm diameter cavity mirrors (CRD Optics) used a high reflectivity dielectric coating

(R > 0.9997 specified at 3.3 µm) on ZnSe substrates with 1 m radius of curvature. The beam

was injected into the cavity at the folding mirror (M0), with the laser-to-cavity distance set

equal to one cavity arm length. An off-axis parabolic mirror (OAPM) (f = 2.54 cm) outside

the box focused the light leaking through M1 onto a DC-coupled photovoltaic detector

(Neoplas Control IRDM-DCA-5). The transmitted signal was amplified with a gain of five

(Stanford Research Systems SR455) before being recorded and averaged five times on a 1

GHz-bandwidth oscilloscope (LeCroy HDO 6104). Further averaging and processing of the

data was performed using custom LabVIEW routines. The LabVIEW program, similar to

the one described later in Section 4.6.4, generated an error signal for the PZT for each

recorded average of 5 scans on the oscilloscope, and a data acquisition card (DAQ, National

Instruments PXI 6704) applied a voltage to the PZT to maintain phase-locking.

The laser was scanned across three strong CH4 transitions around 3086 cm−1 (see

Table 4.2). CH4 is the simplest VOC, and is important both for planetary radiative balance

and physiology as mentioned in Section 2.2.2. Two different samples were measured with

nominal mixing ratios of 180 ppb and 360 ppb CH4 in buffer gas. The samples were formed

by buffering laboratory air with N2 inside the sample box; the ambient laboratory air has a

concentration of 1.8 ppm CH4, verified previously with a QCL-based CEAS experiment.169

Homogeneous gas mixing was assumed. In order to obtain a pressure broadened absorption

lineshape covering a sufficient number of cavity FSRs for spectral analysis, spectra of both

samples were collected at various pressures from 40 to 190 Torr.

4.5.3 Results

A typical cavity transmission spectrum averaged over 100 scans of a 190 Torr sample with

360 ppb CH4 is shown in Figure 4.8. Over 20 ms, the ICL locked to 40 successive cavity

modes with a locking time, estimated by the FWHM, of 80 µs, much longer than the ring-

down time (typically 3.2 µs). The time between modes was ∼ 200 µs (Fig. 4.8(a)). No
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Table 4.2: Molecular absorption parameters for transitions scanned in 3.24 µm ICL V-shaped
OF-CEAS experiment.6 The CH4 transitions are all assigned to the fundamental ν3 transition of
the most abundant isotope, and a single overlapping H2O ν2 2 ← 0 transition is indicated in blue.
Cross-sections assume natural isotopic abundances from HITRAN.

Frequency / cm−1 Transition Cross-section / cm2 cm−1

3085.832 7 A2 10 ← 6 A1 1 1.69× 10−19

3085.861 7 F2 25 ← 6 F1 1 1.01× 10−19

3085.894 7 F1 26 ← 6 F2 2 1.01× 10−19

3086.031 7 A1 8 ← 6 A2 1 1.66× 10−19

3086.072 7 F1 27 ← 6 F2 1 1.00× 10−19

3086.086 7 E 17 ← 6 E 1 6.67× 10−20

3087.192 (6,2,5) ← (6,3,4) 2.07× 10−22

broadening of the modes was observed due to averaging of the transmission spectra. There

is a clear amplitude oscillation in the transmitted signal for alternating modes due to even

and odd modes having a different phase at the folding mirror as explained in Section 4.2.3.

Even and odd designations are applied arbitrarily to the two data sets as the cavity path

length is not known with sufficient precision to correlate laser frequency and longitudinal

mode harmonic order.

It should be noted that a significant non-zero signal is observable even when the laser

is not in resonance with the cavity. This is attributed to a combination of a DC detector

offset and an additional contribution that is suspected to arise from non-resonant cavity

transmission. Figure 4.9 highlights the two offset components by comparing the cavity
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Figure 4.8: (a) Cavity transmission for 360 ppb CH4 in buffer gas at a total pressure of 190 Torr
while the laser is scanning to lower wavenumber. This transmission spectrum is the average of 100
scans. (b) A close-up section of the scan. The locking range (duration of locking) is about 80 µs
and the FSR separation of the modes is 188 MHz.
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Figure 4.9: Comparison of laser output passed through a Ge etalon (dark traces, right-hand
axis) with cavity transmission (light traces, left-hand axis) measured nearly simultaneously for the
following conditions: (a) laser locked to resonant cavity and in phase feedback field; (b) cavity
blocked; (c) laser locked to resonant cavity and out of phase.

transmission and frequency tuning of the laser under different conditions. The frequency

tuning of the laser was measured by sending a small portion of the output beam through a

Ge etalon and onto a detector. When the cavity is blocked (b), the measured transmission

signal only arises from the DC offset intrinsic to this detector. There is an additional

contribution to the signal when the resonant cavity feedback field is out of phase with the

laser (c), even though cavity transmission from excited longitudinal modes is not observed.

When the feedback field is phase-matched to the laser (a), the signal returns to the same

level in between cavity modes. The amplitude of this non-resonant signal increases a small

amount from left to right across the scan, corresponding to an increase in laser output power

as the current is increased. Adjustments of the beam steering between laser and cavity cause

observable changes to this component, however fine adjustments for phase control had no

effect. Covering the detector with a dark cloth to prevent the photodiode from picking up

any stray scattered light had no effect.

It is possible that amplified spontaneous emission (ASE) in the laser output field is

responsible for this signal. The ASE contribution may contain frequency components that

are very different from the centre frequency of the laser. The dielectric films on the cavity

mirrors allow efficient reflections only for a relatively narrow range of wavelengths. Light

outside this band will have a much lower reflectivity coefficient, and therefore the trans-

mission efficiency will be larger (assuming lossless interactions with the mirror substrate).

Thus, compared to the centre frequency, a greater fraction of ASE may be able to pass
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straight through M0 and M1 without building up in the cavity. While we were unable to

observe any sidebands when the laser beam was measured by a Fourier-transform infrared

(FTIR) spectrometer, even weak, broadband ASE beyond the resolution of the spectrometer

may affect the weak cavity transmission signal.

The V-shaped cavity in principle prevents light reflected off the backside of the in-

coupling cavity mirror from returning to the laser, however Figure 4.9 shows that the laser

output is being modified by an unknown feedback field that does not arise from the high

finesse cavity resonance. Directing a portion of the laser output beam through a Ge etalon

onto the photovoltaic detector provides insight into the frequency tuning of the laser. When

a beam block is placed between the second steering mirror and cell window (b), the sinusoidal

variation in the laser output signal indicates a smooth rate of frequency change. When the

box is unblocked and the resonant cavity feedback field allowed to return to the laser facet

(a), horizontal steps in the laser signal indicate frequency locking to the longitudinal mode

of the cavity when the feedback is in phase. Under the same alignment conditions with the

PZT adjusted so that the cavity feedback field is out of phase with the laser (c), one would

expect to see the same signal as case (b). However, distortions in the etalon signal show

that the laser frequency is not tuning in a smooth, linear fashion. It is possible that this

behaviour arises from non-resonant reflections returning to the laser. Given the evidence

of ASE discussed in the preceding paragraph, reflections of ASE – from M1 for example

– may be affecting the stimulated emission of the ICL. While the ASE should be outside

the gain spectrum of the laser, and therefore unable to injection seed emission, this may

be an interesting avenue of future research given the lack of comprehensive studies on ICL

feedback response.

For this experiment, stable feedback locking was achieved without applying mode

matching. Mode matching, discussed later in Section 5.2.2, could allow better coupling

of the mid-infrared light into the cavity and enhanced signal intensity. Measurements of

laser output showed that the laser power variation due to intracavity absorption reducing

the optical feedback was negligible (< 1%) and so no correction for this effect was required.

Furthermore, the feedback rate to the ICL resulted in a frequency locking range smaller
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Figure 4.10: Integrated
absorption based on Voigt
fits as a function of CH4

number density. Black and
red data indicate even and
odd harmonics, which are
analysed separately. The
intercept was set as the
origin and the slope was
used to determine reflectiv-
ity: slope= Lσ

2(1−R) .
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than one cavity FSR without any attenuation of the feedback rate ensure excitation of

successive modes.

To produce an absorption spectrum, the mode amplitude (I) was compared to the

corresponding mode amplitude when the cavity was evacuated (Io) to determine the ab-

sorption A (the term in square brackets in Equation 4.14). The cavity mode amplitudes are

typically determined using an Origin algorithm for finding the local maxima in both the

positive and negative direction with 3-point smoothing. The values determined using alter-

native methods, for example by looking at the second derivative, yielded equivalent values

within experimental noise. The effective reflectivity (R) was determined independently for

even and odd harmonics.

The spectral feature measured consists primarily of three transitions in the R branch

of the ν3 asymmetric stretch of CH4, although weaker neighbouring lines were included

in the model to fit the spectra (see Table 4.2). Fitting was performed in Origin with the

relative centre frequencies and relative areas of the seven CH4 transitions and Gaussian

linewidths (Doppler broadening) fixed, and the Lorentzian linewidths larger or equal to

those predicted using the HITRAN database6 to account for any experimental broadening.

The slope of integrated absorption plotted as a function of CH4 number density for the

R(6) ν3 fundamental transition at 3086.031 cm−1 with a line strength of 1.66× 10−19 cm2
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cm−1 is shown in Figure 4.10. A linear function with intercept at the origin was fit to each

set of data to determine R using the relationship A/[CH4] = σL/2(1 − R). The retrieved

R value for both even and odd modes was 0.99958 (±0.00002). This agrees with ring-down

measurements with a typical decay time of 3.2 µs, corresponding to R = 0.999583. This

gives a finesse of the V-shaped cavity of 7500 and an effective path length of 1900 m. Figure

4.11 shows a cumulative fit to the measured absorption coefficient spectrum of 360 ppb CH4

in buffer gas at a total pressure of 190 Torr averaged over 100 scans. Based on the standard

deviation of the residual of the cumulative fit αmin = 1.1× 10−7 cm−1 for 2 s averaging, or

a detection limit of 8 ppb at 190 Torr.
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Figure 4.11: Absorption coefficient spectrum from 2 s averaged measurement of 360 ppb of CH4

in buffer gas at a total pressure of 190 Torr together with a composite fit taking into account the 8
transitions which contribute to the observed absorption feature. Also shown is the residual of the
fitted absorption profile, shown below. The standard deviation of the residual of the fit shown gives
αmin = 1.4× 10−7cm−1.
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Figure 4.12: Allan-Werle variance plot
of the minimum detectable sensitivity,
αmin, derived from a polynomial fit to the
evacuated cavity transmission, as a func-
tion of averaging time. Red circles cor-
respond to data collected with the phase-
locking control loop enabled and blue tri-
angles with this loop disabled. Filled and
open data points indicate odd/even har-
monics.
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An Allan-Werle analysis on the minimum detectable absorption coefficient (αmin) was

performed to determine the optimal averaging time for measurements. The cavity trans-

mission through an evacuated cavity was measured with different averaging duration, and

the odd and even cavity mode amplitudes were fitted separately to second order polynomial

functions to account for the non-linear variation in laser intensity across the scan. Using

the standard deviation of the fit as a minimum detectable signal, the resulting αmin was

plotted against theoretical averaging time (number of scans × acquisition time). Due to

non-instantaneous processing times, the actual time elapsed was somewhat longer. This

Allan-Werle analysis was performed with and without the phase-locking control loop en-

abled, and both demonstrated similar sensitivity for all averaging times. Fig. 4.12 shows

the Allan-Werle plot with a broad minimum in αmin starting from approximately 100 scans

averaged (τ = 2 s). The average αmin with and without phase-locking control enabled for

the region τ = 2− 10 sec was determined to be (4.0± 0.5)× 10−8 cm−1. The rise in αmin

for longer averaging times is likely due to slow fluctuations in the baseline rather than loss

of phase-matching. It is interesting to note that there is little difference within the error in

the measurements with or without controlling the phase, which could indicate some level

of laser self-locking or simply a very stable apparatus.

While this αmin is relatively high compared to other OF-CEAS studies with diode lasers

and QCLs,176,200,201,204,205 the strong 3 µm transitions lead to a minimum detectable con-

116



Chapter 4. V-shaped OF-CEAS

centration of 8 ppb CH4 at 190 Torr, which is comparable to previously reported OF-CEAS

instruments.188,204 This is a good example of the benefits of the mid-infrared spectral region

– despite young technology and relatively poor optics the strong absorption cross-sections

accessible allow for very low minimum detectable concentrations of a trace hydrocarbon

gas.

4.6 DFB-ICL V-shaped OF-CEAS: Oxford

4.6.1 3.29 µm DFB-ICL characterization

Following on from the initial studies performed in Greifswald, a second ICL OF-CEAS

system was set up in Oxford for detection of N2O and VOCs. The full tuning range of

this 3.29 µm cw single mode DFB-ICL (Nanoplus) is 3039 – 3046 cm−1. The laser emits

up to 4 mW and was purchased without collimating optics within the laser package. An

anti-reflection coated aspheric lens (Thorlabs C036TME-E, f = 4 mm) was mounted next

to the laser to collimate the beam over ∼ 1.5 m using the microbolometer (WinCamD).
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Figure 4.13: Allan-Werle plot
showing standard deviation of laser
frequency as a function of averaging
time for a commercial driver (blue)
and a custom driver (green). Laser
frequency was determined by scan-
ning the laser across the transition
at 3042.58 cm−1 within the ν2 + ν4
combination band of CH4 under low
pressure.

The temperature conditions required were the same as for the first Nanoplus ICL (10

– 20◦C), however the maximum operating current of this laser was 50 mA – only 25%

of the maximum operating current of the 3.24 µm laser. Given that the two lasers were

manufactured by the same company and have similar wavelengths and output powers, it

is unknown why the 3.29 µm laser required significantly lower driving current. The low

threshold current is, however, not wholly surprising as Meyer et al. predicted that ICLs
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should have a tenfold lower threshold current density compared to QCLs.44 A decreased

current indicates increased wall-plug efficiency, so in principle this laser more effectively

converts current density to photon density. However, the lower current makes the laser

frequency and intensity more sensitive to current noise. The commercially available Wave-

length Electronics current driver (QCL1000) can output up to 1 A to QCL or ICL chips,

and is therefore designed for lasers with higher current thresholds that are less suscepti-

ble to small fluctuations. A pair of temperature and current controllers was customized

in-house for this ICL, and the performance compared to the commercial driver. The laser

frequency variability was determined by measuring two ν2+ν4 combination band transitions

at 3042.40 and 3042.58 cm−1 in a sample of low pressure (∼ 20 Torr) pure CH4 in a 40

cm long cell. An Allan-Werle variance analysis was performed to analyse the consistency of

the time at which the maximum absorption was measured in successive scans. Figure 4.13

shows the standard deviation in laser frequency as a function of averaging time for both

drivers, determined by converting time variance to frequency variance using the separation

of the two transitions. With the commercial driver, the increase in standard deviation for

τ > 2 s demonstrates that the laser frequency clearly drifted over time. When the laser is

driven by the custom controller, on the other hand, there is no discernible drift up to 10

s. The frequency deviation is about a factor of two lower, even for short averaging times,

indicating better shot-to-shot stability. In addition to covering several CH4 transitions, this

laser could be used for measurements of N2O.

4.6.2 Nitrous oxide properties

Nitrous oxide is another species that absorbs across nearly the entire mid-infrared region. As

for CH4, N2O is a long-lived greenhouse gas whose atmospheric levels have increased rapidly

in recent decades. The greatest anthropogenic source is over-fertilization in agriculture,

which overwhelms the natural nitrogen processing cycle. N2O that reaches the stratosphere

enhances ozone depletion as a source of catalytic NOx.206,207

Of course, N2O is more commonly known as “laughing gas” due to its effects on the

brain that produce a euphoric feeling upon inhalation.208 It is used as a mild general anaes-
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thetic, and is often given to pregnant women during labour in concentrations of around 50%.

More recently, it has been investigated in Oxford as a useful indicator gas for measuring

cardiac output and lung homogeneity.209

N2O is a linear triatomic molecule with four vibrational modes: one bending mode

(doubly degenerate) and two stretching modes. It therefore shares a similar family of modes

with CO2, however its lack of an inversion centre means it has C∞v symmetry and the

stretching modes do not have the “symmetric” and “asymmetric” labels of D∞h molecules

(i.e. CO2). Vibrations are labelled by ν1ν
l
2ν3 where l indicates the angular momentum of

the bending mode.

4.6.3 Experiment

The 3.29 µm cw single mode DFB-ICL, driven by the custom controllers, was ramped by

a function generator (TTI TG1304) applying a triangle function at a rate of 10 Hz. In

addition to the laser, several other key components were changed from the previous set-up.

The DC-coupled photovoltaic detector (VIGO PVI-2TE-4/VPDC-0.1l) used here did not

require amplification and only exhibited a small non-zero offset (∼ 30 mV).

Two sets of plano-convex cavity mirrors were implemented: infrared-transmissive quartz

mirrors (Layertec) with a reported reflectivity > 0.997; and higher reflectivity (R > 0.999)

ZnSe mirrors (CRD Optics), described in the previous section. Both sets had an anti-

reflection coating on the flat surface of the mirror with 1 m radius of curvature on the high

reflectivity side. The terms moderate finesse and high finesse will be used to differentiate

between the mirror sets respectively.

The optical cavity was enclosed within an aluminium and plexiglass box. This system

does not allow optimization of cavity mirror alignment while the box is under controlled

pressure, but it is very robust – cavity alignment does not vary with sample pressure even

for P > 1 atm – and therefore suitable for proof-of-principle studies. Reflections from the

windows did not return feedback to the laser. The box had three external connections: a

gas sample inlet, an outlet to vacuum pump (Leybold TRIVAC D8B), and a pressure gauge

(Leybold Ceravac CTR 90 1000 Torr or 100 Torr). In this set-up, the mirrors were mounted
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on gimbal mounts within the box.

The sensitivity and stability were characterized using CH4 and N2O as test gases. Very

strong CH4 transitions were not accessible to this laser, so a standard mixture of 3000 ppm

CH4 with C2H2 and CO in N2 (BOC) was buffered in additional N2 to obtain samples with

concentrations from 200 – 3000 ppm at ca. 100 Torr. N2O measurements were performed

with a mixture of 5% N2O in N2 (BOC).

4.6.4 Locking algorithm

The optical feedback phase-locking algorithm is adopted from the work of Ohshima and

Schnatz who first proposed using the symmetry of transmitted cavity modes to lock a laser

to an optical cavity.210 The same principle has been applied in locking algorithms used for

other OF-CEAS studies.176,204

Signal from the cavity transmission detector is sent to a LabVIEW program via a DAQ,

with data acquisition triggered by the function generator applying the laser voltage ramp.

A portion of the measured transmission, usually spanning across about 10 – 20 FSRs, is

normalized to a maximum amplitude of unity, as shown in Figure 4.14(a). This transmission

signal is then clipped such that only the top 20% (i.e. normalized signal between 0.8 – 1.0)

is analysed (b). The program computes the gradient between consecutive points (c) and

then saturates the derivative such that positive gradient is set to +a and negative to −a

where a is a constant (d). The program then integrates across (e) and multiplies the result

by a user-set scaling factor (f). The resulting error signal is added to an analogue output

voltage sent to a PZT that can change the laser–cavity distance. The sign of the scaling

factor determines the direction the PZT moves. The saturation step is required for a non-

zero integral. The program essentially compares the number of data with positive slope to

the number with negative slope. When the phase is optimized, cavity modes are symmetric,

resulting in a net integral of nil and no error signal is applied to the PZT.

The scaling factor to convert the computed error to voltage depends on the voltage-to-

length conversion of the piezoelectric stack and wavelength of light. In some cases, a PZT

amplifier is connected between the computer and PZT if the 10 V error signal range from
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Figure 4.14: OF-CEAS locking algorithm: (a) Normalized signal segment; (b) clipped signal; (c)
derivative; (d) saturated derivative; (e) integration; (f) error signal.

the DAQ is insufficient. The tunability of the PZT length should be at minimum one phase

cycle (i.e. λ). If small shot-to-shot variations in phase – which are too fast to be corrected

by this method – add unwanted fluctuations to the error signal, the program can be set to

apply a running average of the error signal over several laser scans.
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User-defined parameters are optimized for each experiment. The region of the cavity

transmission used for analysis is typically located around the middle of one frequency ramp

and away from any strong absorption lines. The scaling factor and integrating time are

determined empirically by adjusting values until stable phase-locking is observed.
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Figure 4.15: (a) Sample cavity transmission measurement with no averaging. (b) Close up of a few
cavity modes showing the long locking range and improved SNR compared to previous measurements.
The FSR in this case is 170 MHz. Note that there is a 30 mV DC offset from the detector. (c)
Corresponding absorption spectrum of 0.3% CH4 at 101 Torr. The red and blue dashed lines show
Voigt fits corresponding to the even/odd harmonic data (circles). The black line shows a HITRAN
simulation.
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4.6.5 Results

The first results presented were measured under moderate finesse conditions, using the

Layertec cavity mirrors. A sample cavity transmission from a single scan of the laser at

10 Hz through a sample of 0.3% CH4 at 115 Torr is shown in Figure 4.15. There is a DC

offset of 30 mV and an additional contribution of < 10 mV from ASE or some other light

leaking through the cavity. The frequency tuning range of this ICL covered a much weaker

region of the CH4 absorption spectrum compared to the previous one, therefore higher

concentrations of the gas were required for similar absorption levels. The data shown here

include the transitions given in Table 4.3. The SNR however is significantly better compared

to earlier measurements (i.e. Figure 4.8), especially given these data were collected over

50 ms with no averaging or amplification of detector signal. The laser jumps directly from

one longitudinal mode to the next without returning to the free running condition since the

locking range is approximately equal to the time to cover one FSR.

Figure 4.15 (c) shows the corresponding absorption spectrum. A fit of Voigt profiles

to the transitions listed in Table 4.3 and HITRAN simulation (black line) are also shown.

Due to the large number of lines in the region, Voigt models were optimized in three

spectral regions across the scan for each harmonic. The feature at 3040.41 cm−1 arises from

a CH3D absorption, and the clear decrease in the absorption compared to the HITRAN

simulation indicates that the sample in the cylinder contained less than the 0.06% CH3

isotopic abundance assumed by HITRAN. The poor fit in the region around 3040.73 cm−1

is likely due to overlapping absorption from residual acetonitrile or water vapour in the box

or tubing. The reflectivity of these mirrors was measured to be 0.9990 using a concentration

series as described previously. The photovoltaic detector used for these measurements has a

bandwidth of 100 kHz, and was therefore too slow for accurate measurements of ring-down

decays.

The sensitivity is better characterized by looking an an absorption spectrum that is

less congested. To demonstrate the sensitivity, a spectrum is shown of 45 Torr 5% N2O in

N2 (Figure 4.16). The absorption at 3039.4 cm−1 due to the P(8) transition of the ν1 + 3ν2
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Table 4.3: Molecular absorption parameters for methane transitions scanned and fit in 3.29 µm
ICL V-shaped OF-CEAS experiment.6 The first three transitions are part of the ν2+ν4 fundamental
band, while those in the following section are due to the fundamental ν3 transition (with ν2 = 1).
Cross-sections assume the natural isotopic abundances from HITRAN, and the absorption due to
deuterated methane (CH3D) is shown in grey.

Frequency / cm−1 Transition Cross-section / cm2 cm−1

3040.238 14 F1 37 ← 13 F2 3 3.00× 10−23

3040.361 13 F1 39 ← 12 F2 3 8.12× 10−23

3040.469 13 F1 39 ← 12 F2 2 8.42× 10−24

3040.219 8 F1 44 ← 2 F2 3 5.02× 10−24

3040.600 3 F2 42 ← 2 F1 3 1.42× 10−23

3040.706 3 A2 16 ← 2 A1 2 3.81× 10−23

3040.751 E 29 ← 2 E 2 9.61× 10−24

3040.412 ν4 1← 0 R(2) 1.87× 10−23 (0.06%)
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Figure 4.16: Spectrum of N2O absorption coefficient for the P(8) ν1 + 3ν2 combination band
transition at 3039.4 cm−1. Data measured using the moderate finesse OF-CEAS cavity (black
circles) is compared to a Voigt fit (red line) with the residual (grey) shown below.

combination band is isolated, and the spectrum can be fit well to a single Voigt function.

Using the mean absolute residual as an estimate for αmin gives 2.5× 10−8 cm−1 for a single

100 ms measurement. Despite the relatively short path length, the high SNR of the cavity

transmission signal allows for sensitive detection.

Figure 4.17 shows an Allan-Werle analysis of the cavity transmission stability with

124



Chapter 4. V-shaped OF-CEAS

10-1 100
10-13

10-12

10-11

10-10

10-9

10-8

10-1 100
10-12

10-11

10-10

10-9

10-8

10-7

10-6
M

od
e 

m
ax

im
um

 p
os

iti
on

 / 
s2

 / s

(a) (b)

M
od

e 
m

ax
im

um
 a

m
pl

itu
de

 / 
V

2

 / s

Figure 4.17: Comparison of cavity transmission stability with (blue/green) and without
(red/orange) active error loop enabled to maintain optimal phase matching using PZT. (a) Allan-
Werle variance of cavity mode maximum position along time axis, which represents the frequency
stability of the laser and cavity from scan-to-scan. The typical time between resonant cavity modes
(time span to cover FSR) is 500 µs. (b) Allan-Werle plot of amplitude of cavity mode maximum.
The average amplitude is 110 mV.

and without the locking program (Section 4.6.4) enabled. Since the algorithm maintains

symmetric modes, there is an enhanced stability in both the amplitude of the cavity modes

(b), as well as the x-axis position of the maxima (a). The latter is observable as a horizontal

jitter of modes when the locking loop is disabled arising from noise on the phase matching

between the feedback and laser fields.

While OF-CEAS is traditionally performed by scanning the laser frequency over one or

more ro-vibrational transitions of the target species, it is possible to remain fixed on a single

mode and measure the change in transmission signal due to absorption at a single frequency.

The system was sufficiently stable that the laser could remain locked to a single cavity mode

without any active locking mechanism for several seconds. The laser frequency was set near

the line centre of the ν3 R(2) CH4 transition at 3040.706 cm−1 with the current fixed to

a single value for the measurements shown in Figure 4.18 (a). The cavity transmission

signal was recorded for a range of CH4 sample concentrations, all buffered in N2 to a total

pressure of 70 Torr to eliminate variations in pressure broadening. Using Equation 4.14, the

measured signal was converted to absorption by comparing with the transmission through an

evacuated cavity. The linearity in the plotted absorption versus CH4 concentration (Figure
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Figure 4.18: (a) Single frequency measurement of CH4 at varying volume fractions in a total
volume of 70 Torr: 3000 ppm (yellow), 2140 ppm (orange), 1070 ppm (green), and 214 ppm (blue).
The grey line was measured with cavity evacuated. The laser remains locked to a single longitudinal
mode throughout the entire duration without any active control. The dotted line represents the DC
offset of the detector. (b) Plot of absorption as a function of CH4 volume fraction with linear fit
(red) that passes through the origin.

4.18 (b)) validates that this is an alternative way of implementing OF-CEAS for accurate

gas measurements. The highest concentration corresponds to an α of about 7× 10−6 cm−1,

and therefore is within the high feedback rate regime where feedback enhancement effects

can lead to underestimations of the absorption. The standard deviation of the signal is low

(∼ 0.9 mV), and so the limiting factor is the pressure gauge which has a precision of only

1 Torr.

Without any active locking, the cavity transmission signal did vary over timescales

of ∼ 1 minute as shown in Figure 4.19. A fast Fourier transform (FFT) analysis of the

signal clearly shows significant noise contributions at two frequencies around 100 Hz. Low

frequency fluctuations are generally mechanical rather than optical, and it is suspected

that these instabilities arise from vibrations of instruments in the vicinity of the cavity.

An evaluation of the noise of the mains electricity determined that fluctuations are far too

small to have the observed effects.

The αmin values for the moderate finesse cavity are limited somewhat by the effective

path length, so experiments were performed with a higher finesse cavity using the CRD

Optics cavity mirrors. These mirrors are composed of a different substrate (ZnSe) with

a dielectric coating that gives a higher reflectivity in this wavelength region. By inserting
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Figure 4.19: Continuous cavity
transmission signal (upper) mea-
sured with no voltage ramp applied
to laser current or active locking pro-
gram to maintain phase matching.
An FFT analysis of the signal (lower)
revealed two strong frequency con-
tributions (inset) near 100 Hz, likely
due to mechanical disturbances. The
two frequency contributions are suffi-
ciently similar to create a clear beat-
ing effect in the signal noise (upper
inset).

these mirrors into the same set-up, it was possible to study changes to feedback and spectral

resolution that arise primarily from differences in cavity bandwidth and mirror transmis-

sivity. The quartz mirrors have a transmissivity at 3 µm of 80% (10 mm thick) while ZnSe

has a transmissivity of approximately 70% (5 mm thick) at the same wavelength, though

these values ignore effects from the anti-reflection coatings. ZnSe has a higher refractive

index, and will therefore intrinsically reflect more incident radiation.211,212

A sample cavity transmission spectrum measured with the high finesse cavity is shown

in Figure 4.20. In this experiment, the cell was filled with 5% N2O buffered in N2 at a total

pressure of 90 Torr. Due to the alignment, the signal amplitude for odd and even harmonic

longitudinal modes is markedly different. The locking range is significantly shorter with the

higher finesse mirrors, likely due to the decreased transmission efficiency of ZnSe compared

to the quartz substrate.

The measured absorption spectrum of the 3042.00 cm−1 P(5) transition in the ν1 +3ν2

combination band of N2O is shown in Figure 4.21. The effective reflectivity of these mirrors,
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determined again by a concentration series as before, was determined to be 0.99975. This is

slightly higher than measured previously due to cleaning and smaller angle-of-incidence at

the folding mirror. The resultant sensitivity, based on the Voigt fit, is 2.5×10−8 cm−1 for a

100 ms scan. It is interesting to note that the limit of detection is (coincidentally) the same

for both the high and moderate finesse cavities. Despite the longer path lengths associated

with the higher reflectivity mirrors, the additional losses due to absorption in the ZnSe

substrate reduced the transmitted signal and feedback intensity, and so the advantages of

the extended path length were offset by the reduced SNR. An ideal system would utilize

mirrors with both a high reflectivity and high transmission efficiency at the laser wavelength.

4.6.6 Acetonitrile detection

Acetonitrile is a unique organic species with strongly hydrophilic and hydrophobic moieties

that is ubiquitous as a solvent in many analytical techniques such as high performance liquid

chromatography (HPLC) and hydrophilic interaction chromatography (HILIC).213,214 It is

a symmetric rotor with eight vibrational modes, four of which are doubly degenerate. In

particular, the infrared-active symmetric and doubly degenerate anti-symmetric methyl

stretches absorb in the 3 µm region at 2954 cm−1 and 3009 cm−1 respectively.215
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Figure 4.20: (a) Sample cavity transmission measurement with no averaging. (b) Close-up of a few
cavity modes showing high SNR and locking range. The FSR in this case is approximately 170 MHz,
and there is a clear distinction between the mode amplitude of even and odd harmonic longitudinal
modes likely due to inhomogeneities in the folding cavity mirror. Note there is a 30 mV DC offset
from the detector.
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In the atmosphere, CH3CN is a long-lived species with a lifetime of 20 years in the

stratosphere.216 CH3CN is emitted at the surface from biomass burning, particularly for-

est fires, and is transported into the lower stratosphere by cloud convection.216 Its main

stratospheric sink is reaction with OH, but CH3CN in the lower troposphere can be lost

by dry deposition.217 The ocean has been identified as being both a sink and a source, and

therefore may act as a transport conduit.217 The biogeochemical cycle is still poorly un-

derstood, however, and requires further investigation. Background levels of CH3CN in the

lower troposphere are around 40 ppt, but can rise to a few hundred ppt in some areas.217

CH3CN has been linked to a few physiological studies. Proton transfer reaction mass
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Figure 4.21: Absorption spectrum (upper) and residual (lower) of 5% N2O in N2 mixture at 90
Torr measured by OF-CEAS in V-shaped optical cavity. The grey and black circles represent data
for even and odd modes, while the red and blue lines show the Voigt profile fit and residual for the
same. This gives an MDA of 4.4 × 10−3, which is equivalent to αmin = 2.5 × 10−8 cm−1. The x
axes are the same for both plots.
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Figure 4.22: The black line shows an acetonitrile spectrum, converted to absorption cross-section
per molecule, measured using the moderate finesse cavity (R = 0.999) with 30 Torr of 1000 ppm
CH3CN in the cavity. The overlaid HITRAN data set (red) is for CH3CN at 217 K and 50 Torr
(red).6

spectrometry (PTR-MS) measurements of the breath of smokers and non-smokers indicated

that CH3CN is present in higher concentrations in smokers’ breath for up to a week after

smoking ceases.218 Typical concentrations for non-smokers were under 15 ppb, while smok-

ers’ breath contained as much as 200 ppb directly after smoking a cigarette. More recently,

studies suggest that CH3CN levels in breath may be used for diagnosing cystic fibrosis

and/or monitoring patients to improve therapy.219

Acetonitrile absorbs in the region covered by this laser, although detailed tables of

transition cross-sections and broadening parameters are not available. Nevertheless, an

OF-CEAS absorption spectrum of a calibrated 1000 ppm sample buffered in synthetic air

(BOC) measured in the moderate finesse cavity agrees well with HITRAN data (Figure

4.22). Although the measured spectrum was collected under different pressure and temper-

ature conditions to the reference data, there is still general agreement with more structure

visible in the lower pressure OF-CEAS spectrum. The inset highlights the high spectral

resolution of the OF-CEAS data, which picks up individual features that are smoothed out
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in the reference spectrum due to increased pressure broadening and lower frequency resolu-

tion (0.015 cm−1). The notable exception to the good agreement between experiment and

reference is the large feature at ∼ 3040.6 cm−1 which is fit poorly for two reasons. Firstly,

the large absorption cross-section and high mixing ratio of the calibrated sample translate

to large α values (αmax ∼ 5 × 10−5 cm−1) which are susceptible to feedback enhancement

effects. Secondly, the transitions are highly temperature dependent in this region (for exam-

ple the maximum amplitude of this spectral feature drops by about 10% at 217 K compared

to 207 K based on HITRAN reference spectra), and so the expected maximum cross-section

is likely to be much closer to the measured result. Using the Boltzmann distribution to

correct for differences in temperature, it is estimated that the amplitude under these exper-

imental conditions would be about half that of the reference spectrum. This ignores other

effects such as overlapping transitions and temperature-dependent lineshapes.

Based on the calculated sensitivity of the system (2.5 × 10−8 cm−1), the minimum

detectable concentration of CH3CN at 30 Torr is 500 ppb, assuming the maximum cross-

section measured. This is insufficient for detection CH3CN in breath in real-time, however

pre-concentration techniques could be readily employed to increase the species to detectable

levels.219 While the volume of the current set-up makes it impractical for breath measure-

ments at the moment, the development of a smaller volume V-shaped cell would open up

opportunities for sensitive detection of CH3CN in breath using ICL-driven OF-CEAS.

4.7 EC-QCL V-shaped OF-CEAS

4.7.1 5 µm EC-QCL characterization

While external-cavity QCLs (EC-QCLs) use essentially the same type of laser chip as DFB-

QCLs, the wavelength selection mechanism makes them function quite differently. The

EC-QCL used here is an early Daylight Solutions product broadly tunable between 1776 –

1962 cm−1 with up to 150 mW emitted power. The output wavelength is determined by

three parameters: laser chip temperature, applied current, and external grating alignment.

The first two control the family of frequencies that can be emitted by the cascading electrons,

while the latter selects a single wavelength from the laser gain spectrum. This EC-QCL
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has a double-ended Littrow grating configuration, shown in Figure 4.23. This configuration

was designed to ensure that the direction of the output laser beam does not depend on the

grating position, and therefore alignment and collimation are maintained across the entire

frequency range of the laser.

This laser was purchased within its own commercial housing including the collimation

lens, external cavity, Peltier and water cooling for laser chip. The combined current and

temperature control unit was purchased from the laser manufacturer (Daylight Solutions).

This controlled the applied driving current, Peltier temperature, and position of the external

grating by a PZT. Small amplitude, fast modulation (> 10 kHz) could be applied via current

modulation, while slow modulation (< kHz) of the laser output could be achieved by tuning

the grating PZT. Fast modulation across the entire frequency range is not possible with

EC-QCLS as it is with DFB-QCLs. Conversely, EC-QCLs can cover far more absorption

lines, therefore offering a great deal more flexibility in optical frequency coverage.

Until recently, mode hops have been one of the limitations to EC-QCL utility.220 Mode-

hops occur due to longitudinal mode competition for dominance within the gain spectrum

of the laser. When one longitudinal mode suddenly “wins”, a jump in the emitted frequency

to the new resonant mode frequency occurs with a small frequency interval skipped. These

hops prevent smooth, well-controlled tuning.

4.7.2 Experiment

There is no evidence in the literature that an EC-QCL has been successfully used for OF-

CEAS experiments. To investigate this possibility, the Daylight EC-QCL was scanned over

∼ 0.5 – 1 cm−1 using the internal piezoelectric transducer (PZT) driven by an external

function generator (TTI TG230) outputting a 5 Hz sinusoidal signal. A collimating lens

enclosed in the housing ensured a collimated output beam with an emitted power typically

Figure 4.23: Patented double-ended
Littrow configuration for EC-QCL grat-
ing. This configuration with the grat-
ing maintains emission alignment as the
grating is tuned to select different wave-
lengths.

Grating

LensLens

Laser chip

Emission
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around 100 mW. The current was typically set to a value between 290 – 340 mA, well above

threshold and below the maximum allowable level. The beam was directed onto the folding

mirror of a custom-made V-shaped cavity constructed from 2.54 cm diameter stainless steel

tubing. The two end mirrors were mounted on bellows that allowed adjustability with the

mirrors forming part of the outer cell seal. The folding mirror was fixed in place.

A delay line on one pair of steering mirrors allowed coarse tuning of the laser–cavity

distance to match the length of each cavity arm (46 cm), and a CaF2 window in front of

the cavity reflected a small amount of light onto a photovoltaic detector (VIGO, PVI-2TE-

10.6). Gas was flowed through the sealed cavity via an outlet port at the M1 bellows and

an inlet port at the M2 bellows. The outlet port was connected via a valve to a barotron

(Leybold Ceravac CTR 90) and a diaphragm vacuum pump; the inlet port was connected to

a gas cylinder containing 5% N2O in N2 (BOC). The custom dielectric-coated ZnSe cavity

mirrors (Lohnstar Optics, R > 0.999) included one plane mirror at the centre turning point

(M0) and plano-concave mirrors (1 m radius of curvature) at the M1 and M2 positions. An

off-axis parabolic mirror (f = 2.54 cm) was placed after M2 and focused light leaking out

of the cavity onto a second photovoltaic detector (VIGO, PVI-2TE-10.6).
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Figure 4.24: (left) Typical cavity transmission collected over a single scan (200 ms) through an
evacuated cavity as the laser frequency is ramped down. The modes last for a longer amount of
time towards the turning points of the piezo range (at ∼ 0 and 0.1 s) with the shortest modes in
the middle; this is due to the non-linear frequency tuning. The oscillation in amplitude is due to an
etalon between the detector and near cavity mirror. (right) A close-up view of the mode shapes in
the same scan.
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4.7.3 Results

A typical cavity transmission spectrum measured through an evacuated cavity is shown in

Figure 4.24. It is clear that the feedback rate allows for the laser to remain locked to the

resonant cavity for just less than one FSR, which maximizes the build-up of intracavity

power while still allowing for excitation of consecutive modes. In this case, the FSR is

169 MHz with both even and odd harmonic longitudinal modes excited. The symmetric

modes and long locking range (relative to the ring-down time) are evidence that an EC-

QCL responds well to optical feedback. Indeed, it is possible, as shown in Figure 4.25, to

lock the laser to the cavity for a relatively long time when no ramp is applied. While the

cavity transmission is maintained, the laser is frequency-narrowed and emits at a wavelength

within the linewidth of the high finesse cavity.

The signal does exhibit a very regular fluctuation with a frequency of about 100 Hz.

This fluctuation is evident in the laser output intensity, indicating that it is a laser rather

than a cavity effect. It is likely noise introduced by mechanical vibrations from adjacent

equipment or the internal piezo as this is roughly the response time of the actuator. Due

to this fluctuation, a longer locking range and higher feedback rate is likely required to

maintain long-term locking. Nevertheless, the ability to maintain locking over seconds is a

promising feature that may be useful in future experiments.

The primary purpose of OF-CEAS, however, is trace gas detection by measuring ab-

sorption spectra. In this respect, the EC-QCL was not sufficiently consistent for repro-

ducible gas concentration measurements. For the pressure-broadened samples typically

measured using this technique, one needs to scan over at least 0.5 cm−1 to fully cover an

absorption feature. There were very few current and wavelength conditions under which

the laser did not exhibit mode hops when the piezo was ramped over this range. While the

Littrow configuration allowed for stable locking across the entire tuning range of the laser

without realignment, the mode hopping was more frequent at lower wavenumber and so the

spectra shown here were collected at centre frequencies above 1850 cm−1. The mode jumps

were not consistent from scan-to-scan, as shown in Figure 4.26, and therefore averaging
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Figure 4.25: (a) Plot of cavity transmission (green) with the laser emitting at a single wavelength,
shown with the laser output (blue) measured by reflecting a portion of the beam onto a second
detector in front of the cavity. The laser signal has been smoothed using a 20 point moving average.
No active adjustments were required to keep the laser locked to the cavity for the full measurement.
(b) A more detailed view of the signals (dashed box) showing oscillations in both the laser output
and cavity transmission. These fluctuations have a frequency of about 100 Hz, and are likely caused
by mechanical disturbances.

spectra was not possible. The phase of feedback affected where mode-hops were observed

across a scan, likely due to small changes in refractive index and/or temperature of the laser

chip associated with the returning feedback light.

The spectrum shown in Figure 4.27 covers transitions given in Table 4.4. The mirror

reflectivity was measured by ring-down to be 0.999785. For the Voigt profile fits of the
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Figure 4.26: (a) Cavity transmission through V-shaped cavity containing 5% N2O at low pressure.
In the upper, light grey trace there is a clear mode hop at about 0.025 s, and a second at 0.055
s. (b) Laser output showing similar behaviour, with the lower, red trace measured while the laser
tuned continuously, and the upper, green trace measured when the laser mode-hopped at two points
during the scan. Note that the broad etalon is an artefact of reflections interfering in the set-up,
and is not due to fluctuations in output laser intensity. No adjustments were made to the system
between measurements.
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Table 4.4: Details from HITRAN of the main N2O transitions within the spectral region scanned.
All transitions for the most naturally abundant isotope.6

Frequency / cm−1 Transition Cross-section / cm2 cm−1

1911.210 1110 ← 0000 R(39e) 1.17× 10−23

1911.297 1330 ← 0220 R(24e) 4.15× 10−25

1911.297 1330 ← 0220 R(24f) 4.02× 10−25

1911.319 1220 ← 0110 R(31f) 2.15× 10−24

1911.371 1220 ← 0110 R(30e) 2.34× 10−24
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Figure 4.27: Absorption coefficient spectrum of gas sample containing 5% N2O in N2 at 100 Torr
total pressure. The data (black circles) are fit well by the Voigt profile simulation (green), as shown
in the fairly homogeneously distributed residual (below). The fit gives αmin = 1×10−7 cm−1. Data
points are missing in the region around 0.0 cm−1 frequency due to nearly complete absorption of
the intracavity light.

data, the Gaussian linewidths were set according to the Doppler broadening, and the centre

frequencies and areas of overlapping features scaled according to HITRAN.6 The cavity

modes near line centre of the strongest transition were too weak to measure accurately.

The lineshape of this large transition, in particular, is broad (0.04 cm−1 FWHM), which

may indicate that attenuation of feedback enhancement (as discussed in Section 4.4) causes

lineshape distortions at these high absorption levels. The resulting mean square residual
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of the spectrum gives αmin = 1.0 × 10−7 cm−1 at 100 Torr. This sensitivity clearly does

not match the performance achieved with diode lasers, however it is similar to the earliest

studies with ICLs. This laser was produced in one of the earliest generations of EC-QCLs

manufactured by Daylight, and since then the company has made great strides in enhancing

the robustness of their systems and decreasing mode-hopping; the technique may therefore

be more successful with a newer version of this laser that does not suffer the same mode

instability limitations.

4.8 Conclusions

Trace gas detection using OF-CEAS with DFB-ICLs and EC-QCLs has been demonstrated

for the first time. Using a V-shaped optical cavity to ensure pure feedback from the high

finesse resonance, DFB-ICLs at 3.24 µm and 3.29 µm were shown to sensitively measure

several VOCs. Measurements of standard N2O mixtures demonstrated sensitivity down to

αmin = 2.5 × 10−8 cm−1 in 100 ms. Acetonitrile, which is of growing interest for medical

studies, was successfully measured. The first demonstration of EC-QCL-based OF-CEAS

was less successful. Although a limited sensitivity of αmin = 1 × 10−7 cm−1 in 100 ms

was achieved for N2O measurements, spontaneous and inconsistent mode-hopping of the

laser frequency could not be eliminated. The results represent a promising step towards

achieving high quality OF-CEAS measurements with broadly tunable EC-QCLs.
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Chapter 5

Linear Cavity OF-CEAS: A Simple and Novel

Approach

5.1 Introduction to linear cavity OF-CEAS

5.1.1 Alternative geometries for OF-CEAS

V-shaped optical cavities have been the most popular configuration for OF-CEAS experi-

ments over the past decade, partly because a comprehensive theoretical foundation has been

established specifically for this design.176,179 However, optical cavities can be formed in a

wide variety of shapes and styles, and it is interesting to explore the potential of using other

types of cavities that may be more suitable for some applications of OF-CEAS. Indeed, a

number of other high finesse cavity configurations (shown in Figure 5.1) have already been

shown to allow stable locking and sensitive gas detection.199,221

A triangular optical cavity with circular intracavity light propagation (Figure 5.1 (b)),

also known as a ring cavity, is one alternative that has been used for OF-CEAS measure-

ments.199 This three-mirror ring cavity is similar to the V-shaped cavity with M1 and M2

angled such that the light propagates in the order M0 → M1 → M2 → M0. Hamilton et

al. used a three-mirror triangular cavity with a retro-reflector behind one mirror to allow

bidirectional propagation around the ring to establish stable standing waves when the laser

is on resonance.199 Although a four-mirror bow tie-shaped ring geometry (Figure 5.1 (c))

has not yet been used for OF-CEAS, it is reasonable to expect that this could work in a
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Figure 5.1: Schematic of a variety of optical cavity geometries with beam propagation: (a) V-
shaped cavity discussed in previous chapter; (b) triangular ring cavity with retroreflector (MR)
positioned to re-inject counter propagating light through M1;199 (c) bow-tie ring cavity, with mirrors
numbered in order of beam propagation, which has been used for similar techniques and functions
as a folded ring cavity;148 (d) Brewster angle linear optical cavity where light is injected via a glass
plate at Brewster angle, indicated in grey.221 Note that overlapping lines are displaced for clarity.

similar way.148 One of the limitations of these techniques is the weak intensity of the feed-

back field due to losses upon re-injection of the retro-reflected light, as well as the multiple

mirror reflections on each pass. Additionally, the reflectivity of dielectric mirror coatings is

highly dependent on the angle of incidence of the radiation, and can fall off significantly as

the angle deviates from normal incidence.

OF-CEAS has been performed with a Brewster angle cavity.221 In this configuration

(shown in Figure 5.1 (d)), an intracavity glass plate allows Brewster-polarized laser light

injected at a specific angle to be reflected many times along an optical axis between two

high reflectivity mirrors when the laser wavelength is in resonance with the cavity. While

this technique can be used with visible light, it is difficult to find optical materials with

sufficiently high transmittivity in the mid-infrared, and the intracavity loss resulting from

this would severely limit the sensitivity of this OF-CEAS variant with QCLs.

In terms of construction complexity, a linear, two-mirror cavity with on-axis injection

through one end mirror is the simplest optical cavity design. This is the geometry explored

in depth in this chapter.
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5.1.2 Linear cavity OF-CEAS

Using a high finesse linear optical resonator for OF-CEAS has many advantages over the

more common V-shaped set-ups. For the V-shaped system, as described in the previous

chapter, the sample can either be enclosed in a box surrounding the optical cavity – which

requires a relatively large sample volume – or a customized sample cell must be fabricated

to enclose the optical path. The latter requires skilled glass blowing or metalworking and,

depending on the method used, there may be fabrication restrictions on the central angle

where the two arms join together. While a custom cell can minimize the required volume,

it is not conducive for smooth flow conditions due to the sharp angle at the folding mirror.

Increasing the central angle is not desirable since the reflectivity of dielectric coatings can

fall off sharply with increasing angle of incidence, and the s- and p-polarized components

will experience different reflectivity efficiencies.11

A linear cavity can easily be constructed with a single tube connecting the two opposing

cavity mirrors. This configuration is commonly used for CRDS and other variants of CEAS

– indeed, cavity mirrors are often sold in pairs – so in principle CRDS or CEAS experimental

set-ups could easily be repurposed for OF-CEAS experiments. The geometry is conducive

to near-laminar gas sample flow through the single, straight tube, which can have a minimal

volume close to the volume of the intracavity field. It should be noted that linear cavity

here refers to a system where the intracavity field propagates along a single axis between

two mirrors that are positioned parallel to each other and normal to the optical axis. It is

possible to have different optical paths within a cavity that physically has a linear geometry.

For example, Dahmani et al. demonstrated locking a diode laser using a V-shaped beam

propagation within a linear, confocal cavity.222 While this configuration could ease some of

the disadvantages of V-shaped systems, the finesse of the cavity was limited.

OF-CEAS measurements are theoretically more efficient with linear cavities compared

to V-shaped cavities. In a V-shaped cavity there are four turning points where light leaks

through the cavity mirrors, meaning that the maximum theoretical signal intensity on the

detector is 25% of the incident light.179,204 With a linear cavity, on the other hand, all the
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light leaking out of the cavity is utilized – light leaking out of the injection mirror (M1) is

the feedback field that locks the laser frequency, and light leaking out the opposite mirror

(M2) is detected. One can argue that the spectral resolution is higher for linear systems.

Clearly, the FSRs of a linear system and V-shaped system with the same total path lengths

are equivalent. In practice if the laser–cavity distance is an even integer of the cavity arm

length the laser will only lock to alternating modes, halving the spectral resolution (i.e.

2 × FSR); alternatively, if the laser–cavity distance is an odd integer of arm lengths and

the laser locks to every cavity resonance, the even and odd harmonic resonant frequencies

must be analysed independently resulting in two data sets with half the resolution of the

equivalent linear system.

Linear optical cavities have been used for feedback-based experiments in the past. Over

a decade ago, a linear cavity system was used to frequency-lock a diode laser for mirror

birefringence measurements.223 More recently, a similar system was developed to lock a

diode laser to a linear cavity for Raman scattering spectroscopy.224,225 In these experiments,

one or two Faraday isolators were placed between the laser and cavity to reduce unwanted

reflections returning to the laser. Optical isolators not only add a cost and space burden

to the apparatus, they are not well-developed in the mid-infrared spectral region with poor

isolation efficiency and high transmission losses.

For many years the prevailing belief in the scientific community was that it would be

impossible to stably lock a mid-infrared laser to a high finesse linear cavity for OF-CEAS

measurements.223 Unlike the configurations used previously for OF-CEAS, the laser beam

must be at normal incidence to the injection mirror. This means that light not injected

into the cavity will be reflected straight back along the incident trajectory and return to

the laser. This reflected field acts as “bad” feedback – the linewidth of the returning light

has not been narrowed and the amplitude of the feedback field will be the same for all laser

frequencies. For typical cavity injection efficiencies, the intensity of reflected light must

be much greater than that of the field leaking out of the high finesse cavity. While little

work has been conducted on the effects of competing feedback fields, it has been widely

accepted that the much more intense reflected feedback field must dominate and prevent
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stable locking to the weaker feedback field returning from the resonant cavity.

Despite the dire predictions, linear cavity-based OF-CEAS was successfully demon-

strated in this group, and the first studies were published in 2013.205 In this work, a 3 mW

DFB-QCL at 5.5 µm was locked to a 77 cm long linear cavity for measurements of NO and

N2O. For this proof-of-principle experiment, the sensitivity was similar to other OF-CEAS

studies using QCLs (αmin = 2× 10−8 cm−1 Hz−1/2), however the locking range was short,

indicating a low feedback rate.199

In this chapter, a theoretical foundation for linear-based OF-CEAS is first developed to

explain how the laser can stably lock to a high finesse cavity in the presence of a competing

feedback source. Experimental measurements using a 200 mW 5.3 µm DFB-QCL are then

compared to the model, and the potential of the technique discussed. A selection of results

in this chapter were reported in the literature.226

5.2 Theory

5.2.1 Linear cavity transfer function

The theoretical framework developed here is based on a cavity as shown in Figure 5.2 where

the laser light is incident on M1 and detected after M2. The feedback model development

starts from the equation for the coupled laser frequency introduced earlier (Equation 4.3)

where hfb, the feedback transfer function, depends on the cavity configuration. Feedback

can return to the laser in three ways: reflected from the first, flat surface of M1, reflected

from the curved surface of M1, or leaking out of the cavity when a resonant intracavity field

is excited. The first can be disregarded, as shown vide infra. The feedback transfer function

M
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r
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Figure 5.2: Schematic of linear cavity where light is injected through M1 and measured after M2.
The transmission (ti) and reflection (ri) coefficient labelling scheme is shown.
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therefore has two major components: a non-resonant term due to the light reflected from

the curved face of the mirror:173

h1 =
√
R (5.1)

and a second term from the resonant cavity.

Following the analysis by Davis, the field leaking back through M1 is related to the

incident field by:227

Efb = Ei
[
t2r2 exp(−(2ik + α)L) + t2r1r

2
2 exp(−2(2ik + α)L) + . . .

]
(5.2)

where t, ri, and L are the transmission coefficient, reflection coefficients, and cavity length as

labelled in Figure 5.2. The phase factor is the same as previously defined (k = 2π/λ = 2πν̃),

and α is the absorption coefficient. Using similar approximations as applied previously, this

can be simplified to find the transfer function representing the resonant feedback from the

high finesse cavity (h2):

h2 =
t2r2 exp(−(2ik + α)L)

1− r1r2 exp(−(2ik + α)L)
. (5.3)

Assuming that T ≈ 1−R and all mirrors are identical leads to:

h2 =
(1−R)

√
R exp(−(2ik + α)L)

1−R exp(−(2ik + α)L)
. (5.4)

Combining Equations 5.1 and 5.4 yields:

hfb,L = C1

√
R+ C2

(1−R)
√
R exp(−(2ik + α)L)

1−R exp(−(2ik + α)L)
(5.5)

where C1 and C2 are introduced as scaling factors to account for different losses as the fields

return to the laser.

Equation 4.3 assumes that the laser–cavity distance (L′) is equal to the cavity arm

lengths (L) such that phase-matching between the laser and feedback is optimized. This

means the reflected and resonant cavity feedback fields will generally be in-phase on the

return to the laser as each experiences an odd number of π phase changes due to reflections
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from dielectric coatings.

It is useful to first understand how each feedback field affects the laser individually.

Figure 5.3 shows how the behaviour of a 5.3 µm QCL changes when only reflected light acts

as feedback. The plot shows the output frequency of the laser subject to external feedback

injection seeding as a function of free running laser frequency according to Equation 5.1

and 4.3. The grey line is the reference condition where the laser frequency follows the set

temperature and current control. The free running frequency is the emitted frequency when

no feedback affects the laser, and can be considered a proxy for time when the laser current

is tuned linearly. The dashed line accounts for injection seeding from a reflection from an

external reflector located 77 cm from the laser source with a feedback rate 5 × 10−5. The

laser frequency must scan monotonically, and the green and red lines show the progression of

the laser frequency as the free running laser frequency is decreased or increased respectively.

The frequency changes sharply at intervals corresponding to c/2L′ where L′ is the laser–

reflector distance. This is the same as the behaviour reported by Lang and Kobayashi and
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Figure 5.3: Simulated laser frequency output when subject to reflections returning to the laser
cavity from an external reflector. The plot shows the coupled laser frequency – the emitted laser
frequency stimulated by feedback injection seeding – as a function of free running frequency dictated
by current and temperature control. The grey solid line represents a laser not coupled to any feedback
where the actual frequency matches the free running. The black dashed line is the curve predicted
by Equation 5.6. Due to the requirement for monotonic frequency change, there is a hysteresis in
the emitted frequency: the red line follows the curve as the frequency is scanned from low to high
wavenumber, and green follows the curve from high to low. In this simulation, β = 4 × 10−5 and
L′ = 77 cm.
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other studies.173,175,228 The sinusoidal contours arise because of the multistability of the

semiconductor subject to feedback that affects both the shape of the gain spectrum and

refractive index of the semiconductor gain medium. The discontinuities in frequency occur

at different points depending on the direction of scanning – this hysteresis arises because

the laser must monotonically ramp in a single direction.

Feedback from a high finesse cavity causes a laser to deviate from free running condi-

tions only over a very narrow wavenumber range corresponding to a resonant longitudinal

mode within the cavity, as shown in Figure 5.4. The plot shows a coupled laser response

to linear cavities under three different conditions of finesse (F) and feedback rate (β):

F = 10500, β = 4 × 10−5 (solid black); F = 10500, β = 8 × 10−5 (dashed grey); and

F = 3000, β = 4×10−5 (dotted grey). As the laser frequency is increased from left-to-right

across the plot the coupled and free running frequency of the laser match until it reaches

a resonant frequency. At this point the laser frequency remains at nearly a single value for

an extended time. As the bandwidth of the cavity decreases (i.e. F increases), the range of

frequencies over which the laser frequency can be locked decreases. The feedback rate only
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Figure 5.4: (a) Simulated laser frequency output when subject to only feedback from a high finesse
linear cavity. (b) Close-up of region around a resonant frequency of the cavity. The solid black line
represents the coupling of the laser with a 77 cm-long cavity with F = 10500 (R = 0.9997) and
β = 4 × 10−5, and the red line shows the emitted frequency as the laser is tuned from low to
high wavenumber under these conditions. The grey dotted line represents a cavity with F = 3000
(R = 0.999) and β = 4 × 10−5; and the grey dashed line represents a cavity with F = 10500 and
β = 8 × 10−5. The feedback is assumed to be in phase with the laser when it re-enters the laser
cavity.
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Figure 5.5: Feedback model of coupled laser frequency subject to both resonant and non-resonant
feedback compared to free running condition. In all simulations, β = 10−5, C2 = 1, and R = 0.9997.
Three values of C1 were modelled: 0.0 (green), 0.1 (red), and 0.3 (blue). The thick blue line shows
the emitted frequency as an upward ramp is applied for the scenario with the highest non-resonant
feedback rates. The laser frequency increases monotonically (direction shown by arrow), leading to
jumps as shown.

affects the locking range, or the range of the free running frequency over which the laser

can be locked, which corresponds experimentally to the length of time the laser is locked

relative to the time to scan between successive longitudinal modes.

Figure 5.5 shows simulations of the frequency tuning of a feedback-coupled 5.3 µm

QCL over two cavity resonances under different feedback conditions with both resonant

and non-resonant contributions. In all simulations, R = 0.9997, C2 = 1, and β = 10−5 with

varying non-resonant feedback strengths (C1 = 0 – 0.3). This range of feedback rates was

chosen based on estimates reported in previous studies.176,197,201 The laser behaviour can be

predicted from the model by following the appropriate curve in the direction corresponding

to the applied current ramp. The green curve in Figure 5.5 corresponds to feedback arising

from a system where no reflections return to the laser (C1 = 0), such as a V-shaped optical

cavity. The blue and red lines indicate the tuning with different feedback rates for the non-

resonant field (C1 = 0.3 and C1 = 0.1 respectively), and show that the frequency locking

feature arising due to the high finesse optical cavity is superimposed on an oscillation due to

the non-resonant reflection with an amplitude determined by C1. The presence of the non-
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resonant field leads to additional frequency jumps. When the laser comes to the end of the

locking range, the frequency nearly instantaneously returns to the free running frequency

until the next resonant frequency. Clearly, the figure shows that it is still theoretically

possible for the “good” resonant locking to occur under the correct conditions. One can

also see that the amplitude of the non-resonant feedback becomes irrelevant once the laser

is locked to the cavity.

The phase of the feedback is an important consideration in simulations based on Equa-

tion 5.6. Even if L and L′ are nominally equal, very small deviations can alter the phase of

the feedback fields relative to the laser. A phase term (Φ) can therefore be introduced to

Equation 4.3 to account for these small changes in length that affect the feedback phase:

νo = νfb +

√
β(1−Ro)c
2`no
√
Ro

[
Re(hfb) sin

(
4πL′νfb

c
+ Φ

)
− Im(hfb) cos

(
4πL′νfb

c
+ Φ

)]
.

(5.6)

The variables in this equation include the laser cavity length (`), the laser medium refractive

index (no), the laser facet reflectivity (Ro), and the feedback rate (β). A MATLAB program

was written to simulate the coupled laser behaviour based on this equation. It is difficult to

directly measure the frequency and amplitude of the fields returning to the laser, and so the

model simulated the cavity transmission. This required determining the transfer function of

the field transmitted through the cavity and detected after M2. Proceeding along a similar

route as previously, the transmitted field can be described by:

E = Ei

[
tt2 exp

(
−(2ik + α)

L

2

)
+ tt2r1r2 exp

(
−3(2ik + α)

L

2

)
+ . . .

]
(5.7)

in agreement with Lehmann and Romanini.229 The transmitted field generally experiences

an odd number of π Gouy phase shifts and even number of reflections before leaking out

through the output mirror. The transfer function of the field passing through M2 is there-

fore:

hL =
E

Ei
=

tt2 exp
(
−(2ik + α)L2

)
1− r1r2 exp(−(2ik + α)L)

. (5.8)

Equation 5.8 was used to simulate cavity transmission intensity for different phase con-
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ditions, as shown in Figure 5.6, similar to previous analysis for V-shaped cavity OF-

CEAS.176,179,230 In each panel, the upper figure shows the theoretical coupled laser fre-

quency (dashed line) with bold line indicating the coupled laser tuning as it is scanned

from low to high wavenumber; the lower figure shows the corresponding simulated cavity

transmission. The condition that gives the most symmetric cavity transmission profile and

longest locking range (b) is not a perfect phase match between the laser and feedback fields

(a).176 If the feedback phase is more significantly different to the laser, then the cavity

transmission will appear asymmetric (c). When the feedback is out-of-phase with the laser

field (d), no sustained locking occurs.

The change in the general appearance of the simulated cavity modes reflects distortions

of the coupled laser frequency curve that arise when the feedback field is not phase-matched

to the laser. This can be seen clearly in Figure 5.7 where the frequency tuning curves for

three phase angles are shown along with the corresponding cavity transmission simulations,

which are all scaled to a maximum amplitude of unity and therefore do not account for

changes in cavity transmission intensity due to increased coupling of the laser into the

resonant cavity field.

Following on from Equation 5.8, one can derive an equation to determine absorption in

the intracavity path, and thereby the concentration of a target gas. The measured intensity

is

Iα
Ii

= |hL|2 =
T 2 exp(−αL)

(1−R exp(−αL))2 (5.9)

when there is an absorber present, or

Io
Ii

= |hoL|2 =
T 2

(1−R)2
(5.10)

when no absorbing species is present. The absorption coefficient can again be determined

by comparing the transmitted intensity with and without the target species:

Io
Iα

=
T 2 (1−R exp(−αL))2

T 2 exp(−αL) (1−R)2 . (5.11)

149



Chapter 5. Linear OF-CEAS

Rearranging and using the approximation ln(1− x) ≈ −x yields:

α =
(1−R)

L

(√
Io
Iα
− 1

)
. (5.12)

This expression is similar to the formula derived for the V-shaped system (Equation 4.14)

and in agreement with Bergin et al..205
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Figure 5.6: Complementary coupled laser frequency (upper) and cavity transmission simulations
(lower) for different phase conditions: (a) Φ = 0 rad; (b) Φ = 0.18 rad; (c) Φ = +1.0 rad; (d)
Φ = −1.0 rad. For all simulations, β = 4× 10−5, C1 = 0.3, C2 = 1.0, and R = 0.999. Note that the
longest locking range and optimal mode symmetry does not correspond to zero phase offset. The
thick line in the feedback model plots indicates the laser frequency tuning as the laser is scanned
from lower to higher wavenumber.
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Figure 5.7: (a) Feedback model of the coupled laser frequency compared to free running with
different phase shared by both feedback contributions. In all simulations, β = 4 × 10−5, C1 = 0.3,
C2 = 1, and R = 0.999. Three phase (Φ) conditions were modelled: 0 rad (blue), 0.18 rad (green),
and 1.0 rad (red). (b) Simulations of the cavity transmission for same settings as above. Grey
dashed lines have been added to highlight the correlation between the frequency locking range of
the laser and the cavity transmission for the Φ = 0.18 rad condition.

Theoretical feedback models show that the amount of feedback from the resonant cavity

and non-resonant reflection determines whether or not stable locking can occur. The next

section deals with mapping the beam propagation to predict feedback losses in order to

determine whether a linear OF-CEAS set-up can achieve the feedback rates required for

the resonant field to win over the non-resonant field.

5.2.2 Modelling the intracavity field

As discussed in Section 4.4, the extent to which incident light couples into a high finesse

cavity is related to the overlap between the resonant intracavity field and the laser field

at the input mirror. The coupling efficiency – the fraction of incident light that fulfils the

conditions of the resonant cavity field – is maximized when the incident beam is mode-

matched to a specific resonant cavity mode. Mode-matching is defined as a special state

when one “match[es] the field distribution of the incident light to that of the recipient cavity

mode.”231 This means the cavity field and incident field must have the same phase front

151



Chapter 5. Linear OF-CEAS

curvature and spot size at the in-coupling cavity mirror.

In order to set up mode-matching, it is first necessary to quantitatively describe the

resonant intracavity fields. The changing radius of curvature (R) and size (w) of the Gaus-

sian intracavity field can be described quite conveniently as a function of position along the

central axis using a complex beam parameter q:11

1

q(z)
=

1

R(z)
− iλ

πw(z)2
. (5.13)

The spot size (w) is defined as the radius at which the field intensity falls to 1/e2 of its

maximum value, assuming a two-dimensional Gaussian distribution. Due to the curvature

of the mirrors, the intracavity field will have a waist (wo), or a minimum size, at some point

zo, which is

wo =

√
λ

2π
(L(2RM − L))1/2 (5.14)

in the case of a symmetric cavity composed of mirrors with radius of curvature RM . At

this focal point, the wave-front is planar, which implies:11

qo =
iπw2

o

λ
. (5.15)

The radius of curvature of the wave-front at some arbitrary point along the intracavity

optical axis can then be determined from the waist:

R(z) = z

[
1 +

(
πw2

o

λz

)2
]

(5.16)

as can the spot size:

w =

√√√√w2
o

(
1 +

(
λz

πw2
o

)2
)
. (5.17)

In order for the intracavity field to have a well-defined waist, it must fulfil the stability

condition based on the cavity length and radii of curvature of the two cavity mirrors (R1

and R2):11

0 <

(
1− L

R1

)(
1− L

R2

)
< 1. (5.18)
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The fundamental Gaussian beam solution of the paraxial wave equation describing the

distribution of the field (Ψ) can be written as a function of the complex beam parameter:11,35

Ψ(r, z) = exp

[
−i
(
p(z) +

k

2q(z)
r2

)]
. (5.19)

The phase factor (p) satisfies dp
dz = −i

q . This fundamental equation describes the simplest

solution with a single Gaussian distribution. For linearly polarized semiconductor lasers,

higher order transverse modes are described most accurately using the Hermite-Gaussian

TEMmn model where the indicesm and n denote the mode order along the x and y Cartesian

axes respectively. Hermite polynomial (H) factors adjust the paraxial solution to describe

these higher transverse modes, which are eigenmodes of the linear propagation eigenfunction

of the resonator:10,11,35,231

Ψ(x, y, z) = Hm

(√
2x

w

)
Hn

(√
2y

w

)
exp

[
−i
(
P (z) +

k

2q(z)
(x2 + y2)

)]
. (5.20)

The first Hermite polynomials (Hi) are:

H0(x) = 0 H1(x) = x; H2(x) = 4x2 − 2; H3(x) = 8x3 − 12x. (5.21)

Theoretical intensity profiles of the fundamental and higher order Hermite-Gaussian modes

in the xy plane are shown in Figure 5.8. The x and y indices indicate the number of nodes

along the corresponding axis in the intensity profile. Higher order transverse modes exhibit

resonant longitudinal mode excitation at slightly different frequencies – which allows for

the dense population of excited cavity modes used for off-axis CEAS in Chapter 3. The

shift arises due to the transverse momentum dependence of the Gouy phase shift through

the intracavity waist.232 As the incident beam typically has a Gaussian profile, perfect

mode-matching is experimentally only possible for TEM00 transverse modes unless highly

specialized optics are available. The paraxial equation can also be solved for axisymmetric

profiles with cylindrical symmetry, termed Laguerre-Gaussian modes.

The field that propagates from the collimated laser to the cavity can be described by

153



Chapter 5. Linear OF-CEAS

Figure 5.8: Theoretical intensity distributions of Hermite-Gaussian transverse modes of various
orders including (clockwise from top left) TEM00, TEM11, TEM12, and TEM21. x nd y axes are
taken to be across the width and along the length of the page respectively.

a complex beam parameter (q̃(z)). Mode-matching requires that the q̃(zM1) of the incident

beam from the laser matches q(zM1) of a resonant intracavity Gaussian field at M1. The

beam from the laser is altered by focussing optics and propagation through optics and free

space. In order to account for effects from these components, ray transfer matrix analysis

is applied to describe the evolution of the field from an arbitrary point z1 to z2:11,35

q̃(z2) =
Aq̃(z1) +B

Cq̃(z1) +D
(5.22)

where the ray transfer matrix (M) is:

M =

 A B

C D

 . (5.23)

M describes the development of the beam size and wave front, and is calculated as the

product, in reverse order, of individual matrices describing propagation through different

media or through focussing optics. The calculation of M for this experiment was written
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into a MATLAB routine and is given in the Appendix. Ray trace analysis can be used

to select the positions and focal lengths of optics to maximize mode-matching. Since this

method of analysis allows the beam properties to be determined at any point along the

optical propagation axis, it is possible to calculate C1 and C2 values at the laser facet to

account for losses to the feedback fields.

In order to test that the model predictions are correct and explore the potential sen-

sitivity of linear OF-CEAS, an experiment using a 5 µm DFB-QCL to measure CO2 and

H2O as example target gases was set up. H2O is an excellent test molecule as it can be

introduced via laboratory air and the ν2 bending mode absorbs strongly around 1885 cm−1.

5.3 DFB-QCL Linear-cavity OF-CEAS

5.3.1 Experiment

The linear OF-CEAS set-up, shown in Fig. 5.9, is similar to one described previously but

utilizes a newer, more powerful QCL, described in Section 3.3.2.205 This 5.3 µm cw single

mode DFB-QCL (Maxion, M575AY), which emits light between 1883 and 1896 cm−1 with

a power of up to 220 mW, was placed in a custom-made mount and Peltier-cooled to an

operating temperature selected from within the range -30 to 9◦C. Both the temperature

of the chip and current supplied were controlled by custom electronics built in-house. The

current was modulated by a function generator (TTI TG230) which applied a triangular

ramp to scan over the selected transitions at a rate of 10 Hz. The laser was normally

operated well above the threshold current (429 mA at -10◦C under free running conditions).

The output beam was collimated by an aspheric lens (Thorlabs f = 4 mm) and focused

down to an intermediate beam waist by an off-axis parabolic mirror (OAPM). An iris

was placed at the beam waist to spatially filter unwanted reflections. A PZT attached

to the steering mirror that directed the beam into the cavity allowed fine control over

the phase of the feedback fields. A polarizer was placed in the beam path before the

cavity to tune the feedback rate and simultaneously measure the laser output signal with

a photovoltaic detector (VIGO, PVMI-3TE-10.6) collecting the reflection as shown. The
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Figure 5.9: Experimental set-up for linear OF-CEAS with a 5.3 µm DFB-QCL. The laser–cavity
distance is controlled by the delay line and PZT, which is connected to the computer for active
control of the feedback phase. Note: PD = photovoltaic detector; Cam = infrared camera; Pol =
polarizer. Grey dashed lines indicate electronic connections.

77 cm long optical cavity was formed using two high reflectivity ZnSe mirrors (Los Gatos)

with radii of curvature of 50 cm. A CaF2 lens (f = 15 cm) was set at a slight angle to the

beam axis and focused light into the cavity. The cavity was enclosed by a 1-inch diameter

stainless steel tube with the cavity mirrors mounted in bellows connected to a vacuum pump,

pressure gauge (Leybold Ceravac CTR 90), and inlet for gas samples. The beam exiting

the cavity was focused by an OAPM onto a second photovoltaic detector (VIGO, PVMI-

3TE-10.6). This OAPM was placed on a flip-mirror to allow imaging of the transmitted

beam profile by an infrared silicon microbolometer camera (WinCam). The laser–cavity

distance was set using an optical delay line and the PZT to be equal to the cavity length.

The detector output was sent to a data acquisition card (National Instruments, PCI-6221),

and a LabVIEW program recorded the signal. Resonant cavity modes were maintained

by applying a DC error signal generated in a LabVIEW program to the PZT to maintain

optimal phase matching and symmetric cavity mode transmission, as described in Section

4.6.4. Simultaneous measurements from multiple detectors were recorded on an oscilloscope

(LeCroy WaveRunner 6100A, 1 GHz bandwidth).

To demonstrate the potential of the technique, the cavity was filled with 20 – 125 Torr

of a 10% (± ≤ 0.5%) CO2 mixture with O2 and N2 (BOC). Further studies on H2O relied

on introducing laboratory air into the cavity.
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5.3.2 Results

Figure 5.10 shows an example cavity transmission measurement when no absorbing species

is present in the cavity. The data shown are measured from a single 100 ms laser scan with

6 V triangle voltage ramp applied at an acquisition rate of 100 kHz. The amplitude of the

applied current is increasing and laser frequency decreasing from left to right. The feedback

rate was attenuated with the polarizer to ensure excitation of consecutive cavity modes,

though the feedback rate is still sufficiently high that the locking range is nearly the full

duration of one FSR. No frequency calibration is required, as each cavity mode is separated

by one FSR (0.0065 cm−1), as indicated in the close-up image of the cavity modes in Figure

5.10(b). Measurements of the laser output indicated that the power of the laser was not

significantly affected by changes in feedback rate due to absorption in the cavity, and so the

signal was not normalized to output power.

As described in the previous chapter, Origin software was used to find the amplitude

of each cavity mode (grey circles). For this experiment, the signal was very large – due

to both the high power of the laser and good coupling efficiency into the cavity – and the

signal-to-noise ratio (SNR) sufficiently high that no averaging was necessary. The red line
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Figure 5.10: (a) Example cavity transmission for linear OF-CEAS with no absorbing species in
the cavity. The cavity transmission does not return to zero in between modes since the locking
range is (just) equal to the full FSR of the cavity (0.0065 cm−1). The red line shows a fourth
order polynomial plus sine function fit to the cavity mode maxima. (b) Close-up of cavity modes
highlighting high SNR and long locking duration.
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in Figure 5.10 shows a fit of the data (in the frequency domain) to the sum of a fourth

order polynomial and sine wave. Similar functions have been used in the past.188,201 This

non-linear function describes the data well, with a mean absolute deviation of 3.3 mV giving

a SNR of 420 or αmin = 5× 10−9 cm−1. The sinusoidal component takes into account the

clear etalon, which arises from reflections between the window of the photovoltaic detector

and back of M2. This is a persistent problem that has been mentioned by others.179 The

etalon fringes can be minimized by adjusting the alignment of the detector, however they

cannot be completely eliminated. Attempts to eliminate the etalon by jittering the OAPM

before the detector added noise so it was deemed better to minimize the fringing and make

sure that the analysis accounted for it correctly.

The frequency locking of the laser was investigated using a 3-inch solid Ge etalon with

FSR of 495 MHz at 5 µm. By sending the reflection off the attenuating polarizer through

the Ge etalon onto the second photovoltaic detector, the frequency tuning behaviour of the

laser could be observed simultaneously with cavity transmission, as shown in Figure 5.11.

The cavity transmission, shown in red, indicates when in-phase feedback from a resonant

linear cavity is injection seeding the laser. The simultaneous laser output signal, in blue,

exhibits a stepwise behaviour with the duration of the step corresponding to the duration

of locking and intense cavity transmission. This is juxtaposed on top of a reference signal

(grey) measured with the cavity blocked and the laser tuning dictated by a linear voltage

ramp. This clearly shows that the optical feedback from the resonant cavity is responsible

for the step-like frequency tuning behaviour.

The locking program described in Section 4.6.4 helped maintain stable cavity modes

and Figure 5.12 shows the Allan-Werle plot of the normalized variance of cavity mode

maxima. While averaging up to 1 second improves the sensitivity, the flattening of the

curve suggests that 1/f noise dominates thereafter. For one second averaging, the SNR of

the mode amplitude is about 10−3.

The threshold current of a semiconductor laser decreases with increased feedback rate,

and so measurements of this threshold reduction provide some insight into the amount

of feedback the laser experiences.173,175 With the laser operating at -10◦C, the threshold
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current decreased by 3.8% from 429 mA to 411 mA with non-resonant feedback only (i.e.

no cavity transmission signal). When the laser frequency was locked to a resonant cavity,

this change increased to 4.2% indicating that the total feedback rate increased, as expected.

Following the analysis of Morville et al., the effect of tuning rate on cavity injection

efficiency was examined by simultaneously measuring the laser output, feedback light inten-

sity, and cavity transmission at varying feedback rates and free running frequency tuning

rates.176,179 The feedback rate could be adjusted with the polarizer in front of the cavity.

The amplitude of the cavity transmission under optimal phase-matching conditions was

used as a proxy for the injection efficiency. As shown in Figure 5.13, the critical tuning rate

– the maximum frequency tuning rate at which feedback is still observed – increases with

increased feedback rate as expected. For a typical feedback rate used for the experiments

shown, there is a sharp decrease in injection efficiency as the tuning rate exceeds 1000

GHz/s, which is similar to previous observations for OF-CEAS systems using V-shaped

cavities and diode lasers.176 All spectra shown throughout this chapter were collected with

a much slower tuning rate than this maximum limit to ensure stable feedback locking.

As demonstrated for the V-shaped cavity systems, the robust stability of the linear cav-

ity and high feedback rate allowed continuous locking of the laser frequency to a single mode

over relatively long times (seconds) with no active error loop. If the emitted wavelength is

resonant with the cavity, the duration of the lock is solely determined by noise or drifts in
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Figure 5.11: Changes in emitted
laser frequency tuning shown by com-
paring laser output through Ge etalon
with (blue) and without (grey) reso-
nant feedback from the linear optical
cavity. The red line shows the cavity
transmission signal measured simulta-
neously with blue laser output line.
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Figure 5.12: Allan-
Werle variance of individ-
ual cavity mode maxima
normalized to average
value for individual modes
(coloured lines) shown
with average (black).

the system, from mechanical, thermal, or electrical sources. Figure 5.14 shows a long-term

measurement at a single resonant frequency, with the amplitude of the signal compared to

a normal cavity transmission spectrum for reference. This was easily be achieved by simply

removing all current modulation to the laser and adjusting the phase manually with the

PZT until the laser frequency was resonant with the cavity. The measurement was then

collected with no other adjustments to the system. With a simple error loop to maintain the

correct phase and frequency, it should be possible to actively maintain intracavity excita-
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Figure 5.13: Plot showing drop-off in injection efficiency at high frequency scanning rates for
different amounts of feedback. The legend indicates relative power transmission through the polarizer
(normalized to a maximum of unity). The cavity transmission, which is used as a proxy for coupling
efficiency of the incident laser into the intracavity field, has been normalized to the square-root of
the fractional incident power.
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Figure 5.14: Cavity transmission
as the laser frequency remains locked
to a single longitudinal cavity mode.
For this measurement, no voltage
modulation was applied to the laser
and no error signal applied to main-
tain phase matching. The standard
deviation of the signal is 0.018 V, or
approximately 2% of the mean.

tion and frequency locking for significantly longer times. Given that the intracavity power

is quite high (up to 250 W), this capability may be attractive for applications requiring

continuous measurements under high powers with precise frequency resolution.35,223

The high power of this DFB-QCL allowed sufficient transmitted power for monitoring

the excited transverse mode profile using the mid-infrared microbolometer (WinCamD)

placed after the cavity. Small adjustments to the cavity alignment allowed different TEMmn

modes to be selectively resonant in the cavity, as shown in Figure 5.15. As expected, the

signal amplitude and locking range decreased when higher modes were preferentially excited,

illustrating that increased diffraction losses lead to a lower feedback rate. As evidence of this,

cavity ring-down times decreased as the mode order increased as shown in Figure 5.16. The

abscissa is an effective mode order magnitude equal to
√
m2 + n2, which is approximately

proportional to the theoretical maximum mode amplitude. The ring-down decays were

measured in two ways: by applying a sharp, nearly instantaneous drop in current below

threshold, or by measuring the decay rate as the laser jumps off resonance and returns to

free running. Both methods returned comparable values for a given alignment.

It is striking that the laser was able to lock stably to higher order resonant trans-

verse cavity modes. In previous studies, most authors have reported only TEM00 or

TEM01 modes for OF-CEAS, though in many cases the fundamental mode was simply

assumed.176,183,201,204 Hamilton et al. recorded excitation of TEM10 and TEM20 modes
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Figure 5.15: Sample transverse cavity modes experimentally measured from light leaking out. The
transverse modes are assigned as: (a) TEM00; (b) TEM11; (c) TEM21; (d) TEM12. Each pixel along
the camera’s Cartesian coordinates corresponds to 35 µm. Colour contours represent variations in
intensity in arbitrary units. These data show excellent agreement with theoretical calculations of
Hermite-Gaussian mode profiles shown in Figure 5.8.

in a three-mirror ring system.199 The ring-down time – and therefore the effective path

length – decreases if higher order modes are selectively excited, so it is important to know

which TEMmn is excited in each measurement in order to retrieve an accurate absorption

coefficient and concentration.

All spectra presented here were collected with TEM00, TEM01, or TEM02 Hermite-

Gaussian transverse modes excited in the cavity, verified by the microbolometer, as these

allowed stable locking to successive modes over a range of powers incident on the cavity.

TEM00 modes required a much greater attenuation of light incident on the cavity to ensure

that the feedback rate maintained feedback locking for less than one FSR. Additionally, it is

possible that the Gouy phase shift allowed higher order modes to compete more favourably

for injection seeding due to the resulting phase offset between the resonant and non-resonant
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Figure 5.16: Measured ring-down times
(τRD) for different Hermite-Gaussian mode
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feedback fields.

5.3.2.1 Comparison to model

In order to test that the feedback models accurately simulate the experiment, the relative

power of resonant and non-resonant light coming back towards the laser while the cavity

is in resonance was estimated (see Figure 5.17). To do this, the total output power of the

laser, the power transmitted through the polarizer, and the power of the light transmitted

through the cavity were recorded. The latter could be accurately measured due to the ability

to remain locked to a cavity mode for a long time (seconds) when not applying a current

ramp. After checking that the signal on the detector matched the amplitude of the cavity

modes observed during a scan, a power meter was placed after the cavity to measure the

total power of this light. For example, with a current of 840 mA and temperature of -10◦C

Laser Optics190 30

19

3

0.06

0.10

Cavity

5

3

Figure 5.17: Schematic of linear OF-CEAS experiment showing the intensity of light passing
along each section. Green indicates outgoing light emitted by the laser, blue indicates non-resonant
reflections off the curved surface of the cavity mirror, red indicates light from the high finesse linear
cavity, and grey indicates reflections off the flat surface of the cavity mirror. Optics include the
focussing optics, iris, and polarizer between the laser and the cavity. Arrows going into laser take
into account spatial filtering by the laser facet aperture. All powers are given in mW.
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applied to the laser, the average power emitted from the laser (through the collimating lens)

is 190 mW. For a typical polarizer setting used for measurements of absorption spectra, the

power was attenuated to 30 mW incident on the cavity. The first reflection off the flat

surface of the ZnSe mirror accounted for a 17% loss. Therefore, the maximum power being

reflected off the second surface when the cavity is not in resonance (and injection efficiency

is negligibly small) is 20.8 mW. When the laser frequency was locked to resonant TEM01

transverse modes excited in the cavity, the maximum power transmitted through the cavity

was 3.0 mW. It is reasonable to estimate that the out-coupling efficiency would be equal

for both cavity mirrors, implying that 6.0 mW of light was initially coupled into the cavity

field or up to 30% injection efficiency.

In order to verify these estimates, simultaneous measurements of cavity transmission

and the light reflected off the input cavity mirror were recorded. The reflection was mea-

sured by collecting the reflection off the polarizer on the cavity side using an additional

photovoltaic detector. This light is estimated to be proportional to the sum of all feedback

fields. As shown in Figure 5.18, a drop in signal is observed as the cavity comes into reso-

nance, with a shape that is roughly the inverse of the transmitted signal. At the minimum
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Figure 5.18: Overlay of cavity transmission (red) and simultaneous measurement of light reflected
back from the cavity (blue). The latter was measured using a reflection off the cavity-side of the
polarizer onto a second photovoltaic detector, and contains both the non-resonant reflected field and
resonant feedback when the laser frequency is on resonance. The spike in light coming from the
cavity at the end of each mode likely arises from the increase in non-resonant light reflected off the
mirror in addition to the decaying resonant field leaking out.
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– where coupling efficiency is presumably highest due to linewidth narrowing – the intensity

is reduced by 12% from the signal collected off resonance. Continuing to use the figures

mentioned above, this means that the power of light coming from the cavity – the non-

resonant feedback – decreases from 20.8 mW to 18.3 mW, or a reduction of 2.5 mW. The

change in signal is a combination of a reduction of reflected light due to increased coupling

into the cavity, as well as the addition of resonant light leaking out of the cavity. Assuming,

as before, that the out-coupling rates are the same at both cavity mirrors this gives a cou-

pling efficiency of 24%, indicating that the estimate of 3 mW returned resonant feedback

power is reasonable. Thus, the feedback coming from the cavity is heavily skewed towards

the non-resonant contribution from reflection off the curved surface of M1. In order for

the resonant feedback to dominate at the laser, mode-mismatching and spatial filtering are

required to separate the two feedback fields and preferentially attenuate the non-resonant

contribution.233

The OAPM and lens were positioned between the laser and cavity to allow for mode-

mismatching of the incident light into the intracavity field. Mode mismatching here refers

to a condition whereby the incident laser beam and intracavity field have very different

Figure 5.19: These plots show beam size as a function of the position along the laser–cavity path
for four different beams: laser output (green), reflection off flat face of M1 (dashed black), non-
resonant feedback reflection off curved face of M1 (blue), and resonant cavity field (red). In (a)
the off-axis parabolic mirror and lens are positioned such that the incident beam is nearly mode-
matched into the cavity. In (b), which simulates the experimental set-up used here, the incident
beam is mismatched in order to change the spatial distribution of the beams to allow for preferential
filtering of the non-resonant feedback field by the laser facet and iris at position indicated by arrow.
Note, the beam size is defined as the half-width at 1

e magnitude of the field assuming a spherical
Gaussian profile, and 0 cm is the location of the collimation lens positioned 4 mm in front of the
laser facet.
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spatial profiles at the input mirror. A Gaussian ray trace matrix analysis of the experiment

was used to model the size and curvature of the beams for the region between the laser and

cavity.11 The beam waist after the collimating lens was estimated to be 1.5 mm with the

microbolometer. Figure 5.19 shows the modelled beam size for the various field contributions

as a function of position between the laser facet and inner surface of the input cavity mirror.

A comparison is shown between the case where the beam is mode-matched into the cavity

(a) and the set-up used here (b) where the mode is mismatched in order to separate the focal

points of the non-resonant and resonant fields for spatial filtering. An iris was placed at the

focal point of the output beam (33 cm) in order to preferentially attenuate the non-resonant

feedback. As evident in this figure, the beam size of the non-resonant feedback (blue) was

much larger than the resonant (red) at the iris position, and so a greater fraction of the

resonant power will be transmitted through the iris aperture (2 mm). It is worth noting

that the reflection off the flat, uncoated surface of the mirror (dashed black line) diverges

quickly and is virtually all lost either at the iris or off the edges of the optics.

The key spatial filtering occurs at the laser facet. The laser facet size is specified as

5.8 × 2 µm (Maxion). The ray trace analysis was extended beyond the collimating lens to

predict the size of the various fields at the facet, located approximately 4 mm in front of

the aspheric lens. Due to the mode-mismatching conditions set, both the resonant and non-

resonant fields are clipped at the facet. The size of the non-resonant beam is approximately

100 µm at the facet compared with a resonant beam size of 30 µm, which means that the

portion of the resonant field intensity entering the laser facet is greater than that of the

non-resonant field by more than a factor of ten. This attenuation is sufficient such that the

resonant field feedback rate is greater than the non-resonant field at the laser cavity.

The coupled laser feedback model could then be used to simulate the experiment based

on these calculated feedback rates, and the expected behaviour of the coupled laser was

compared with experimental measurements of changes in laser output. Figure 5.20 (a)

shows a theoretical coupled laser frequency tuning curve given the estimated feedback rates

of the system. As discussed earlier, it is clear that the sharp feature due to the high

finesse optical cavity is superimposed on the oscillatory tuning curve characteristic of the
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Figure 5.20: (a) Feedback model and (b) experimental measurements demonstrating the effect
of non-resonant and resonant feedback on the laser. Based on the experimental parameters and
Gaussian ray trace analysis, the two feedback rates were estimated to be C2β = 3.5 × 10−7 and
C1β = 3 × 10−7 for this measurement with Φ = 0.1 rad. The dashed lines indicate corresponding
changes in the laser output at the labelled points in the coupled frequency plot. In (b), the grey
trace is a cavity transmission signal measured after the exit mirror of the cavity, with the laser
output intensity (red) measured simultaneously from a portion of light reflected off the polarizer.

multistable laser cavity experiencing non-resonant feedback from an external reflector.173

Figure 5.20 (b) shows experimental measurements of the laser output power (red) overlaid

on the cavity transmission signal (grey) collected simultaneously to indicate when the laser

is resonant with the cavity as the frequency is scanned. The laser output follows a similar

sawtooth-like pattern, as seen previously in diode laser studies, as well as a clear locking

range where the output power remains stable.
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It is possible to interpret the laser output measurement shown in Figure 5.20 based

on the theoretical feedback model. Starting at point A, the laser frequency comes into

resonance with the optical cavity and stays locked at this frequency until reaching point

B where the laser discontinuously jumps out of resonance with the cavity to a frequency

dictated by the non-resonant feedback field. The tuning rate of the laser frequency continues

to be slower than for the free running system, and the difference between the coupled and

free laser frequency increases. At point C, the laser suddenly mode hops to another point

on the tuning curve, as seen in previous studies.173 It continues tuning at an attenuated

rate until reaching point D, at which time the optical cavity is resonant and the laser

responds to this new, dominant feedback field until the end of the locking range at point E.

Measurements of the laser output filtered through a Ge etalon verified that frequency, as

well as amplitude, did not measurably vary through the duration of locking to the resonant

linear cavity.

Simultaneous measurements of laser output through the etalon and cavity transmis-

sion demonstrate the expected variation as a function of phase, adjusted manually using the

PZT. The modelled transmission (Figure 5.6) very accurately reproduces the measurements

observed (Figure 5.21), demonstrating both the asymmetry of the cavity modes and fre-

quency jumps at predicted points in the laser ramp. The linear cavity OF-CEAS simulations

therefore paint a complete picture of the feedback effects exhibited by the QCL.

5.3.3 Trace gas measurements

The next step is to demonstrate the technique for gas concentration measurements. Figure

5.22 shows a cavity transmission signal when an absorber is present, in this case CO2. The

spectral region around 1888 cm−1 covers five CO2 transitions, including transitions of 18O

and 17O isotopologue species (see Table 5.1). The example spectrum shown in Figure 5.23

was collected with 100 Torr of the 10% CO2 mixture in the cavity and the laser scanned over

0.5 cm−1 with a 10 Hz triangular ramp. Absorption values were calculated using Equation

5.12, with each point representing one cavity mode. Data were fit to a combination of

Voigt profiles to account for each transition. In order to accurately simulate the physical
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Figure 5.21: Cavity transmission (colour) for four different phase settings to match Figure 5.6.
The laser output through the Ge etalon was measured simultaneously (grey) to show when the laser
remained fixed to a single frequency.

system, some constraints were applied to the Voigt fits: the Gaussian linewidths were set to

be at least the Doppler linewidth, the relative areas of the 16O12C16O transitions were set

according to HITRAN values, and the relative centre frequencies of significantly overlapped

transitions were also fixed.

By comparing the cavity mode maxima with (I) and without (Io) CO2 present, the

absorption (the term in square brackets in Equation 5.12) spectrum could be plotted. The

Table 5.1: Details from HITRAN of the main CO2 transitions within the spectral region scanned.
Integrated absorption cross-sections are given for CO2 containing the natural isotopic abundances.6

Molecule Frequency / cm−1 Transition Cross-section / cm2 cm−1

16O12C16O 1887.771 1 22 0 2 ← 0 11 0 1 P(41) 3.94× 10−25

16O12C17O 1887.787 1 11 0 2 ← 0 00 0 1 P(39) 6.19× 10−27

16O12C18O 1887.862 1 11 0 2 ← 0 00 0 1 P(19) 6.05× 10−26

16O12C16O 1887.889 3 00 0 4 ← 1 11 0 2 R(33) 1.79× 10−27

16O12C16O 1887.980 1 33 0 2 ← 0 22 0 1 P(23) 4.19× 10−26
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Io value was determined in different ways depending on the spectra measured. The simplest

method was to directly compare mode-by-mode the cavity transmission through an evacu-

ated cavity to the transmission with the absorber. If the sample pressure is not low (> 150

Torr), it is sometimes necessary to use the transmission when a matching pressure of non-

absorbing gas (e.g. N2) is in the cavity to account for slight changes in mirror alignment as

the bellow mounts shift with internal pressure changes.

If there are extended absorption-free regions in the sample measurement, a function

representing Io can be fit to these areas; this relies on the assumption that the baseline can

be modelled with a function – which is a reasonable assumption based on Figure 5.10 – and

reduces the random noise on the measurement since only one cavity transmission spectrum

contributes to the absorption spectrum. This method only works when the spectral region

Figure 5.22: (a) Example cavity
transmission from a single laser scan,
with frequency decreasing from left to
right, of 100 Torr 10% CO2 in the cav-
ity. (b) The lower panel shows a sub-
section in higher detail in order to high-
light the symmetric cavity mode shapes
and high signal-to-noise ratio. The os-
cillation in the signal is due to an etalon
between the detector window and cav-
ity mirror.

FSR = 0.0065 cm
-1

(b)

(a)
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Figure 5.23: A sample plot of absorption data calculated from a single 100 ms cavity scan over
a CO2 absorption feature (red circles) with corresponding fit (black line) based on the transitions
listed in Table 5.1. For this measurement, 100 Torr of a gas mixture containing 10% CO2 was in
the cavity, and the laser was scanned over the range 1887.65 – 1888.15 cm−1. Below the spectrum
is a plot of the residual to the fit. The 1σ standard deviation of the residual, which is an estimate
of MDA, is 3.1×10−3.

is not congested by many overlapping transitions from the target or interfering species.

The absorption spectrum shown in Figure 5.23 was determined using the latter method for

Io, however using the cavity transmission without absorption did not give a significantly

different result.

It was determined that simply measuring the decay of light when the laser frequency

changed from resonance to free running as the frequency was scanned through successive

modes yielded the same ring-down times as actively tuning the laser current below thresh-

old provided no other modes were excited within the decay period. The R value is used to

account for all loss mechanisms in the cavity apart from absorption by the sample gas, in-
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Figure 5.24: Sample sin-
gle exponential ring-down
fit for a TEM10 transverse
mode selectively excited in
the cavity. The ring-down
was measured when the
laser frequency jumped dis-
continuously from its cou-
pled frequency locked on
resonance to its free run-
ning frequency. In this case,
τRD = (8.39± 0.02) µs.
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cluding diffraction and absorption by cavity components. A sample ring-down measurement

and fit are shown in Figure 5.24.

A second way to determine R that does not require a fast detector is to use a calibrated

gas mixture with known concentration of an absorbing gas species with a defined absorption

profile in the operating region of the laser. If the absorption spectra of this gas are plotted

against the partial pressure, or number density, of the gas then a linear fit will provide a

slope related to R. For example, Figure 5.25 shows a plot of the integrated absorption (A)

of the P(41) hot band CO2 transition (see Table 5.1) as a function of total pressure of a gas

mixture (in atm) containing 10% CO2. R can be deduced from the linear fit with slope mp:

1−R =
σ(0.1No)L

mp
(5.24)

where σ is the integrated cross-section of the transition and No is the total number density

of molecules at 760 Torr (2.5× 1019 cm−3).

The area of the absorption profiles plotted against pressure yields a reflectivity of

0.999603 ± 6×10−6. Measurements were repeated for different incident powers set by the

polarizer. These showed consistency in the R values returned, implying that there were no

power-dependent effects vide infra. Ring-down measurements through an evacuated cavity

yielded an R value of 0.999676 ± 2×10−6 (τ oRD = 7.92 ± 0.05 µs); the small decrease in
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cavity finesse when a gas sample is present has been observed previously, likely due to small

changes in alignment when filling the cell with gas.201 The derived broadening coefficients

are slightly smaller than those predicted by HITRAN (for example 0.1234 cm−1 atm−1

measured compared to 0.1380 cm−1 atm−1 predicted by HITRAN for the P(41) hot band

transition at 1888.77 cm−1 representing a difference of 10%), however the uncertainty on

reference values is large.6 The relative isotopic abundances were close to expected, with the

concentrations of 16O12C16O, 16O12C18O, and 16O12C17O in a ratio of 1343:4.9:1 (compared

with expected ratio of 1348:5.3:1).6

The absorption can be converted to concentration via α, which requires normalizing

to the optical path length of the beam through the sample accounted for by the (1−R)/L

term in Equation 5.12. The absorption spectrum shown (Figure 5.23) was converted to

absorption coefficient (Figure 5.26) with the R value determined from the pressure series.

The standard deviation of the residual – shown in the lower panel – is 1.8×10−8 cm−1 for a

single 100 ms scan. This value is likely higher than the one reported earlier for the baseline fit
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Figure 5.25: Plot of integrated absorption (with units of cm−1) as a function of total sample
pressure for different polarizer conditions. The polarizer was adjusted to change the incident power
on the cavity and overall feedback rate. The incident power on the cavity was 30 mW (blue), 49
mW (red), and 70 mW (green). Linear fits are shown, and the values of the slopes indicated no
significant difference in effective reflectivity (and hence in absorption) for the three different cases.
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Figure 5.26: Absorption coefficient spectrum corresponding to data presented in Figure 5.22. The
standard deviation of residual gives αmin = 1.8× 10−8 cm−1 for the single 100 ms scan.

(αmin = 5×10−9 cm−1) due to etalon fringes affecting the Voigt model agreement. Another

method for determining absorption coefficient based on a single ring-down time during the

measurement was not used due to insufficient time between successive modes.179,204

Since the etalon structure in the baseline limits how well the model absorption profile

fits the data, it is useful to alternatively assess the consistency of repeated measurements.

After independently analysing consecutive measurements of 121 Torr 10% CO2 in the cell,

an Allan-Werle variance analysis was performed to predict the potential improvement in

sensitivity with averaging. The result, converted into both αmin and the volume fraction of

CO2, is shown in Figure 5.27. Averaging ten spectra (1 s) results in αmin = 4× 10−9 cm−1

Hz−1/2

In terms more pragmatic for gas detection applications, the αmin value can be reported
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Figure 5.27: Plot of αmin
and the corresponding min-
imum detectable fraction of
CO2 as a function of averag-
ing for a measurement of 121
Torr 10% CO2 in air. The
absorption of individual spec-
tra were fit independently, and
an Allan-Werle variance analy-
sis performed on the integrated
absorption of the P(41) 1887.77
cm−1 CO2 transition.

as a minimum detectable concentration. For the strongest CO2 line probed in this region,

this single scan measurement results in a minimum detectable number density of 1.4× 1015

cm−3, or 425 ppm at 100 Torr. With 1 s averaging, this drops down to about 90 ppm (see

Figure 5.27). The CO2 lines accessible with this laser are generally quite weak, relative to

others nearby. For example, a laser emitting around 2060 cm−1, where absorption within

the ν1 + ν2 combination band occurs, with mirrors of the same reflectivity should be able

to achieve at least a factor of ten improvement in the minimum detectable concentration

using the same method.

The residual to the fit (see Figure 5.26) exhibits a scatter indicative of white noise,

showing that a poor model does not limit the sensitivity. The analogue-to-digital conversion

is performed either with an 8-bit oscilloscope or 16-bit DAQ, both of which have sufficiently

high fixed point SNR to negligibly contribute to noise. Using the noise equivalent absorption

sensitivity (NEAS) estimation, the acquisition bandwidth-normalized αmin is 5.7 × 10−9

cm−1 Hz−1/2, or 18 ppm Hz−1/2 CO2, based on a 10 Hz acquisition rate of successive

scans.52 The shot noise limit has been given by Morville et al. as:179

δαSNmin =
π

FL

√
e∆f

ηPdet
(5.25)

where variables include bandwidth of the detector (∆f), responsivity of detector (η), elec-

tron charge (e), and optical power on the detector (Pdet). In this case, the high bandwidth
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Figure 5.28: Absorption coefficient spectrum of 250 ppm NO buffered to 115 Torr measured with
linear OF-CEAS (black circles) with Voigt fit (green line). The Voigt fit uses a combination of two
Voigt profiles to model the lower wavenumber transition where Λ doublet splitting is evident and
a single Voigt profile for the higher wavenumber feature. The red line shows the corresponding
HITRAN simulation.6

photovoltaic detector (20 MHz), the finesse (F) is 7900, the power on detector ∼ 3 mW,

and the responsivity ∼ 0.1 A W−1 giving δαSNmin ≈ 5.4× 10−10 cm−1 Hz−1/2. The measured

sensitivity from the baseline fit is therefore about tenfold higher than the shot-noise limit,

so improvements to the sensitivity are possible by, for example, using a detector without

an immersion lens, or completely isolating the system from nearby electronics and pumps

that may cause mechanical disturbances.

The 5.3 µm wavelength region is useful for exploiting large absorption cross-sections of

NO ro-vibrational transitions to make sensitive measurements. A linear OF-CEAS spectrum

collected on a sample of 250 ppm NO diluted in N2 and dehumidified air at a total pressure

of 115 Torr is shown in Figure 5.28. Features are visible at 1890.72 and 1890.91 cm−1 cor-

responding to R(3.5) 2Π1/2 and 2Π3/2 transitions respectively; each contains contributions

from five Λ doublet-resolved rotational transitions.6 The overlapping contributions make

the absorption spectrum fitting non-trivial, however it could be fairly well modelled using
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a sum of two Voigt profiles for the lower wavenumber feature and single Voigt at higher

wavenumber, as shown by the green line. The residual of the fit yields an αmin of 1.3×10−8

cm−1 for a single 100 ms scan. A comparison to a HITRAN simulation (red line) reveals a

discrepancy between the measured and reference data near the centre of the 2Π1/2 feature

at 1890.72 cm−1. The measurement underestimates the actual value and indicates that

feedback enhancement effects (see Section 4.4) may be affecting the recovered absorption

profile at these high α values. Under the same feedback and cavity finesse conditions, a

coupled QCL will have a narrower linewidth compared to an ICL due to its smaller Henry

coefficient (αH ≈ 0), which means that changes to the cavity–laser spectral overlap (ε2)

arising from absorption will be more significant.

5.3.4 Power saturation study

Given the high intracavity power, care must be taken to ensure that saturation of the

ro-vibrational transition does not occur. Here, saturation refers to the condition where

a large fraction of absorbing molecules have been excited to the upper energy state and

the rate of relaxation becomes nearly equal to the rate of absorption. The sample then

becomes transparent – the number of photons being lost by absorption is matched by

the number emitted by the molecules relaxing back to the lower energy state. In this

case, the assumptions applied to Equation 1.8, which form the basis for linear absorption

spectroscopy, fall apart; calculations based on Equation 5.12 may therefore result in an

underestimation of the concentration of the gas species in the cavity. Saturation of H2O

ro-vibrational transitions was explored with linear OF-CEAS and is discussed here.

Cavity transmission signals measured with two different resonant modes excited in

the cavity are shown in Figure 5.29(a) with data offset for clarity. The laser was scanned

over 110 – 180 modes corresponding to ranges of 0.73 – 1.2 cm−1 with 90 – 115 Torr of

laboratory air in the cavity. It is evident from Figure 5.29 that the attenuation due to

absorption appears to be more significant with the TEM21 mode excited. This observation

cannot be accounted for with different ring-down times since the higher order modes exhibit

shorter ring-down times and therefore would be expected to show diminished absorption
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due to the shorter effective path lengths. It was therefore hypothesized that saturation

effects were responsible for the difference.

Figure 5.30(a) shows the calculated absorption coefficient with Voigt fits for the H2O

(8,4,4)←(8,1,7) fundamental ν2 bend transition at 1888.80 cm−1 for different laser powers.6

The laser power could be increased by lowering the Peltier temperature while increasing

the applied current to maintain the same centre frequency and selected transverse mode.

The measured integrated absorption coefficient is significantly larger when less laser power is

incident upon the cavity. This effect is even more evident for weaker transitions, as shown in

Figure 5.30(b) for the (7,3,4)←(6,2,5) ν2 H2O hot band (2←1) transition at 1891.55 cm−1

and the (12,7,5)←(12,6,6) ν2 fundamental at 1891.99 cm−1.6 The integrated absorption

coefficient of two transitions are plotted against laser power incident on the cavity in Figure

5.31.

To verify that these are indeed saturation effects, the intensity of the beam in the

cavity is compared with the theoretical prediction of the saturation intensity. The power

(a)

(b)

(c)

Figure 5.29: (a) Infrared camera profiles of TEM00 (lower) and TEM 21 (upper) transverse modes
excited in the cavity. (b) Corresponding cavity transmission signals for TEM00 (red) and TEM21

(blue) transverse modes. Note that the ring-down time, and hence the effective reflectivity, is smaller
for more spatially dispersed, higher order modes. Data collected for the H2O transition at 1888.8
cm−1 in laboratory air.
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(a) (b)

Figure 5.30: (a) α measurements for fundamental ν2 bend transition of water vapour at 1888.8
cm−1 for 155 mW (filled circles) and 108 mW (open circles) incident power on the cavity. (b) α
measurements for ν2 hot band transition (2←1) of H2O at 1891.6 cm−1 and fundamental transition
at 1892.0 cm−1 (magnified in inset) for 98 mW (solid circles) and 35 mW (open circles) incident
power on cavity. In all plots, the higher power Voigt fits are indicated in blue and the lower power
in red.

circulating in an optical cavity (Pcirc) can be estimated using:35

Pcirc = Pinc
(1−R)

(1−R2)2
. (5.26)

This formula is based solely on the incident power (Pinc) and effective reflectivity of the

cavity mirrors, and does not take into account enhanced coupling efficiency. The highest

intensity of light in the cavity will be at the beam waist (wo) along the central axis:35

Imax =
2Pcirc
πw2

o

. (5.27)

Power builds up rapidly and is maintained for several hundred microseconds with the

linewidth of the laser narrowed below the cavity bandwidth (20 kHz). Based on the set-up

used, the maximum intensity in the cavity was calculated to be 1.8×108 W m−2 for TEM00

modes. The power density of higher order modes is much more diffuse, and therefore when

these modes are selected the intracavity intensity will be lower than this maximum value.

For example, the cross-section of the beam (defined by the radius at which the power drops

off to 1/e2) for the TEM11 mode is over twice that of the TEM00 mode, albeit with a

different intensity profile.
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The saturation intensity (Isat) of an inhomogeneously broadened sample can be calcu-

lated based on the transition dipole moment (µ) and rate of relaxation from the upper state

(γ):8,234

Isat =
cγ2~2

4πµ2
. (5.28)

Isat defines the intensity of light required for the measured absorption coefficient to equal

half of its true value. The two main relaxation mechanisms to consider are vibrational

and rotational collisional relaxations. Based on work by Keeton and Bass, the rotational

relaxation rate of water vapour in air is dominated by collisions with O2 and N2, and is esti-

mated to be 1.56× 106 s−1 under these experimental conditions.235 Vibrational relaxations

are dominated by collisions with other water molecules. For the fundamental ν2 mode, the

relaxation rate is 1.31× 106 s−1 at 295 K and a partial pressure of 0.74 Torr.236,237 Under

the same conditions, the vibrational relaxation rate for the 1891.6 cm−1 transition which

involves the first and second excited states is approximately 2.92× 106 s−1.236,237 Since the

rotational and vibrational relaxation occurs upon the same timescale, γ was taken as the

average of the two for calculations of Isat.

The theoretical saturation intensities for the three transitions studied here are given in

Table 5.2. These are all significantly lower than the maximum intracavity intensity, and so

more significant saturation effects might be expected. The gas sample is, however, not purely

inhomogeneously broadened as the absorption profile can be fit well to a Voigt profile. Under

Figure 5.31: Integrated ab-
sorption coefficient (αint =∫
αdν) as a function of laser

power incident on cavity for
two fundamental ν2 transitions:
(12,7,5) ← (12,6,6) at 1892.0
cm−1 (black) and (8,4,4) ←
(8,1,7) at 1888.8 cm−1 (red).
Error bars show standard devi-
ation of several measurements.
Open/filled points indicate two
separate data sets measured
with frequency increasing or
decreasing.
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Table 5.2: Calculated saturation intensities for water vapour transitions.

Frequency (cm−1) Isat (W m−2)

1888.8 4.93× 106

1891.6 3.12× 105

1892.0 2.52× 105

typical experimental conditions for OF-CEAS experiments, the Doppler and Lorentzian

components both contribute significantly to the lineshape – at room temperature and for

transitions around 5 µm the Doppler linewidth is around 100 MHz while the Lorentzian

linewidth is in the range 150 – 750 MHz for sample pressures between 20 – 200 Torr. The

saturation intensity for a homogeneously broadened gas is much larger (∼ 1010 W m−2),

therefore the true Isat values under these experimental conditions are likely to be somewhat

higher than those given in the table, and saturation effects not as pronounced.238 This

linear OF-CEAS system, with a FSR of 195 MHz, cannot resolve purely inhomogeneously

broadened spectral lines.

Measurements of the absorption coefficient as a function of laser intensity were used to

determine the amount of water vapour in laboratory air based on a simple two-level system

according to the treatment by Steinfeld:8

1

α
=

1

αo
+

I

αoIsat
. (5.29)

Based on this equation, the true absorption coefficient (αo) was found by taking the intercept

of a plot of 1/α for the ν2 fundamental bend of H2O as a function of I/Isat. Based on this

value, the partial pressure of water vapour in the cavity was determined to be 0.695±0.225

Torr, corresponding to a relative humidity of 28.3±9.1% in laboratory air. This agrees well

with a nearby hygrometer (Testo), which reported a relative humidity of 31%.

5.4 Conclusions

In this chapter, a variant of OF-CEAS utilizing a simple linear cavity was explored. The

theory developed for V-shaped systems was extended to this new approach to quantitatively
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explain its functionality. Despite the presence of non-resonant feedback to the laser in this

geometry, it is possible to spatially filter this sufficiently to allow stable locking to the

high finesse resonant cavity feedback. This was accomplished by mode-mismatching the

laser to the cavity field such that the spot size of the non-resonant feedback was much

larger than the laser facet aperture, while at the same time the resonant feedback had a

small spot size allowing effective coupling for injection seeding. This theoretical basis was

supported by complementary experimental results using a high power 5.3 µm DFB-QCL,

and the observed laser frequency and phase behaviour matched the predicted behaviour.

Fits to baseline measurements indicate that the limit to sensitivity is approximately 5×10−9

cm−1 for 100 ms, though a sensitivity of αmin = 1.6× 10−8 cm−1 for a single 100 ms scan

was demonstrated for measurements of CO2 and NO. With 1 s averaging, αmin values of

4× 10−9 cm−1 are achievable. This is on par with the best values reported in the literature

with V-shaped OF-CEAS systems using QCLs.199–201 In addition, high intracavity power

allowed for identification of resonant transverse mode profile, and was shown to saturate

ro-vibrational excitations of H2O even at pressures of ∼ 100 Torr.
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General conclusions and future directions

6.1 Overview and conclusions

The mid-infrared is well-known as the fingerprint region of the electromagnetic spectrum

since many important gases can be selectively identified by the strongly absorbing, well-

separated ro-vibrational transitions. The main aim of this thesis has been the demonstration

of a range of spectroscopic techniques for trace gas detection using new continuous wave

mid-infrared laser sources.

The first results chapter (Chapter 2) introduces two methods by which frequency mod-

ulation of a semiconductor laser can improve spectroscopic measurements. First, an 8 µm

DFB-QCL was frequency-stabilized to the third derivative of a ro-vibrational transition

of CH4 using an automated LabVIEW program. With the optical frequency stabilized to

within a range of 3 MHz over two minutes, wavelength modulation spectroscopy (WMS)

could be performed with the potential for long-term averaging. Then, frequency modula-

tion spectroscopy was performed using a 5 µm DFB-QCL on NO to demonstrate that high

frequency modulation of QCL current enhances the performance, though improvement for

this system was limited by parasitic filtering of high frequency modulation in the bias tee

junction and residual amplitude modulation.

Off-axis cavity-enhanced absorption spectroscopy (CEAS), presented in Chapter 3, is

a robust, precise method for measuring trace gas concentrations in a limited spatial volume

with long optical path lengths. While off-axis alignment of the laser beam (with respect to
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the central axis of the two-mirror cavity) enhances sensitivity, residual mode structure often

limits the instrument performance. However, measurements of CO2 using a 5 µm DFB-

QCL demonstrated a tenfold improvement in sensitivity simply by adding a broadband

RF perturbation to the laser current. The linewidth broadening effects of the added white

noise allowed adjustments to the effective linewidth of the QCL, a potentially useful feature

for experiments requiring linewidths broader than the intrinsically narrow linewidth of the

laser.

In Chapter 4, optical-feedback cavity-enhanced absorption spectroscopy (OF-CEAS)

was extended to new laser sources. The technique was originally demonstrated with diode

lasers, followed by DFB-QCLs, with V-shaped optical cavities. In this thesis, DFB-ICLs

emitting within the important 3 µm spectral region were used as OF-CEAS for the first

time for measurements of VOCs and N2O. The sensitivity achieved, 2.5 × 10−8 cm−1 in

100 ms is similar to past studies using DFB-QCLs. A 5 µm EC-QCL was also used for

OF-CEAS studies but, despite achieving comparable sensitivity, exhibited mode-hops that

caused irregular frequency tuning of the laser and prevented averaging.

Lastly, Chapter 5 presented a variation of OF-CEAS with a simpler linear geometry of

the optical cavity. Surprisingly, the resonant feedback field could dominate over unavoidable

non-resonant back-reflections, and quantitative models of the coupled laser field and beam

propagation clearly showed that the laser can lock to a linear cavity given certain conditions

are met. In order to ensure stable locking to successive modes, focussing optics were used

to mode-mismatch the beam with the intracavity field. While this reduced the coupling

efficiency into the cavity modes, stable injection seeding of the DFB-QCL by the resonant

feedback field was demonstrated for measurements of CO2. In addition to the fundamentally

simpler design, the linear cavity is advantageous because reflectivity does not vary for

even and odd harmonics, the sample volume can be quite small, and other cavity-based

experiments – such as CRDS or CEAS – can be readily converted for OF-CEAS without

additional cavity optics or specialized sample cells. The best sensitivity (αmin = 5 × 10−9

cm−1 in 100 ms) was determined by fitting a baseline, absorption-free measurement; a fit

of an absorption spectrum of a sample containing CO2 returned a sensitivity of 4 × 10−9
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cm−1 with one second averaging similar to some of the best V-shaped systems described in

the literature.

6.2 Future work

As the general purpose of this thesis was to present proof-of-principle, laboratory-based

experiments of new or improved spectroscopic techniques, the next stage is to apply the

techniques in field or clinic settings. As mentioned earlier, many of the target molecules are

important for atmospheric and medical studies. One area of growing interest where laser

absorption spectroscopy – particularly in the mid-infrared – may prove extremely useful

is for detection of VOCs emitted by plants. Plants emit VOCs when stressed, with many

studies demonstrating that particular cocktails of volatile gases correspond to different

stressors.239–241 For example, methyl salicylate is a well-known product of tobacco plants

under attack from the tobacco mosaic virus.242 Developing a better understanding of these

emissions is important for a number of reasons. Firstly, some VOCs have been shown to elicit

a predator resistance as some herbivores are warned away by specific airborne chemicals.243

Plants are one of the key atmospheric sources of these reactive species, and may be important

for understanding O3 budgets and chemistry in the troposphere.244 Finally, plant scientists

propose using specific, well-studied species as sentinel plants; by monitoring the emissions

from these plants, it may be possible to see signs of drought or disease before severe damage

occurs to neighbouring crops.245 Deploying mid-infrared laser absorption spectrometers for

field and laboratory studies may provide the sensitivity and selectivity of VOC components

required to establish an effective warning system.

Preliminary studies indicate that ICL-based OF-CEAS may be a powerful technique

for measuring these important VOCs exhibiting strong fingerprints in the 3 µm region. The

V-shaped OF-CEAS experiment discussed in Section 4.6 was used to take measurements

of geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol), a common monoterpene species notable

as one of the main components of rose oil.246 This large molecule has a broad, featureless

absorption in the 3040 cm−1 region with α approximately constant over ∼ 0.8 cm−1. The

sample was introduced to the cavity by heating a vial containing liquid geraniol that was
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Figure 6.1: Plot of average ab-
sorption as a function of pres-
sure of geraniol vapour mea-
sured using the 3.29 µm DFB-
ICL with V-shaped OF-CEAS
system. Red and black data rep-
resent even and odd modes with
dotted lines showing linear fit.
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connected to the evacuated sample box. While there is good linearity between the measured

absorption and pressure of geraniol (see Figure 6.1), there was evidence that condensation

of the geraniol vapour onto the surface of the mirrors diminished the reflectivity. Therefore,

while preliminary results indicate that OF-CEAS can be used to measure this VOC, further

experiments are necessary to develop a robust calibration method to account for changes in

mirror reflectivity and reduce the degree of condensation.

The effect of modulation, particularly high frequency, broadband noise perturbation, of

QCLs and ICLs warrants further research. While the frequency response of DFB-QCLs was

limited to below 50 MHz in the experiments presented here by parasitic impedance effects

of the bias tee, other experiments have demonstrated modulation in the GHz. Higher mod-

ulation frequencies are beneficial for probing molecular transitions with a single sideband

separated from the carrier frequency by more than the linewidth of the ro-vibrational transi-

tion. However, unlike diode lasers, QCLs do exhibit a decreased frequency response at high

frequencies that may be useful for studies requiring quasi-single sideband generation.247 It

was hypothesized in the paper by Hanguaer et al. that this unique feature arises from the

negligible linewidth enhancement of QCLs, so it is unclear whether ICLs would exhibit sim-

ilar behaviour. Indeed, there is evidence of unique frequency response for ICLs subject to

modulation in the hundreds of kHz region.248 In addition to considering frequency response,

it would also be useful to study the relationship between noise perturbation and effective
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laser linewidth for both QCLs and ICLs. As well as the benefits of linewidth broadening

for CEAS described in Chapter 3, recent studies indicate that broadened QCL linewidths

enhance population transfer efficiency in both bulk and molecular beam environments.249

Recent work also indicates that QCL frequency combs can be generated by four-wave mixing

in the laser medium for very sensitive spectroscopic measurements.250

EC-QCLs have the great advantage of being widely tunable over many ro-vibrational

transitions, making selectivity more straightforward and allowing greater flexibility. Further

pursuits of sensitive OF-CEAS studies with newer, mode-hop free EC-QCLs is a promising

avenue. The effect of feedback on EC-QCLs should also be studied in greater detail, as the

effect of the injection seeding on the carrier density of the laser, as well as the temperature

of both the chip and grating, should impact the feedback response of these lasers differently

to DFB systems. Feedback effects on ICLs also demand further attention. Although this

work demonstrates the ability of ICLs to lock to optical feedback, a more comprehensive

study of feedback regimes to describe these lasers is necessary. It is unclear, for example,

whether ICLs will exhibit coherence collapse at high feedback rates like diode lasers, or

whether they will remain stable due to small linewidth enhancement factors compared to

diode lasers.

The capability to remain locked to a single frequency and build-up intracavity power

over seconds (see Figure 6.2) is attractive for a range of different experiments. High intra-

cavity power could be used, for example, for Raman scattering, polarization, or fluorescence

experiments. Performing coherent anti-Stokes Raman spectroscopy (CARS) in an optical

cavity enhanced the sensitivity by over three orders of magnitude, and combining this with

optical feedback may allow an even greater enhancement for trace measurements of Raman-

active molecules (with the caveat that a smaller Raman signals would be expected in the

infrared compared to the visible).251 Polarization and laser-induced fluorescence measure-

ments, which could benefit from the high intracavity power of OF-CEAS, are particularly

useful for measurements of radicals and simple hydrocarbons in the atmosphere and com-

bustion processes.252–256 Again, however, these techniques are generally better suited to

shorter wavelengths.
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Figure 6.2: Sample measurement of cavity transmission as laser continuously remains locked to a
single cavity mode (red). The black line shows a typical OF-CEAS measurement under the same
conditions. For the single frequency measurement, no active phase-matching was enabled and the
standard deviation of the signal is 1% of the mean. Data collected using 3.29 µm DFB-ICL and an
empty cavity with F ≈ 3000. The intracavity power in this case is about 3 W.35

Sustained intracavity power also opens up possibilities of measuring a gas subject to

an external modulating field. Recent experiments on our group demonstrate that applying

an oscillating field using a solenoid surrounding a linear optical cavity allows for intra-

cavity Faraday modulation spectroscopy (INFAMOS). Faraday modulation spectroscopy

(FAMOS) is a powerful technique for selectively measuring paramagnetic species, most no-

tably NO.65 Combining OF-CEAS and FAMOS exploits the long optical path lengths, high

intracavity power, and narrow linewidth of OF-CEAS with the selectivity of the modulated

magnetic field. Preliminary results of INFAMOS for NO detection (see Figure 6.3) are

promising, however optimization and limit of detection measurements are ongoing.

Continuing progress in laser technology will inevitably pave the way for more sophis-

ticated and sensitive experiments utilizing these semiconductor sources. For example, the

first dual wavelength QCL was recently demonstrated for near-simultaneous measurements

of NO and NO2.257 There has also been progress in developing QCLs that have a constant

power output over a range of frequencies, though thus far this has only been accomplished

with pulsed THz QCLs.140 As ICLs and QCLs become established laser sources, commer-
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Figure 6.3: Faraday modulation
signal collected by modulating the
magnetic field surrounding a high fi-
nesse linear cavity locked to a 5.3 µm
DFB-QCL. The signal arises from
2Π3/2 and 2Π1/2 R(4.5) transitions
of NO with each point representing
excitation of a resonant longitudinal
mode of the cavity.

cial availability will rise, costs will decrease, and the power and robustness will continue to

improve.
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Coupled laser frequency derivation

Lang and Kobayashi developed an equation for the laser field (E) subject to optical feed-

back:173

d

dt
E(t) exp(i2πνt) = E(t) exp(i2πνt)

[
iπc

no`
+

1

2
(G(N)− Γo)

]
+ κE(t− τ) exp(i2πν(t− τ))

(A.1)

where variables include the carrier density (N) dependent gain factor (G), laser cavity loss

(Γo), refractive index of gain medium (no), laser cavity length (`), laser frequency (ν), and

feedback term (κ). The cavity loss term is a combination of waveguide losses (Γwg) and the

amount of light retained in the cavity after reflection off the facets:

Γ = Γwg −
c

no`
ln
(√

R1R2

)
. (A.2)

If there is feedback, the effective reflectivity of this surface (R(2)) is adjusted to account for

light re-entering the laser cavity:

√
R(2) =

√
R2

(
1−

√
β

1−R2√
R2

hfb(ν) exp

(
−i4πνL

c

))
(A.3)

where hfb is the frequency-dependent complex transfer function, which represents the ratio

between the emitted and feedback fields, and depends on the optics that the beam passes

through. Since Equation A.1 must be constant regardless of the presence of feedback, a
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generalized loss term (Γ) can be defined such that:

Γ = Γo − 2κ, (A.4)

which, when used with Equations A.2 and A.3 (under the assumption that the term on the

right-hand side of Equation A.3 is � 1) yields:

κ =
c

2no`

(
−
√
β

1−R2√
R2

hfb(ν) exp

(
−i4πνL

c

))
. (A.5)

The steady state of the circulating laser field means the imaginary components of Equa-

tion A.1 (assuming constant E) can be set equal with and without feedback at resonant

longitudinal laser frequencies of νo and νfb respectively:

νo = νfb + Im(κ). (A.6)

Combining with Equation A.5 gives:

νo = νfb +

√
β(1−R2)c

2`no
√
R2

[
Re(hfb) sin

(
4πνfbL

′

c

)
− Im(hfb) cos

(
4πνfbL

′

c

)]
. (A.7)

The expression cannot be solved explicitly for νfb, however a MATLAB program was written

to plot νfb as a function of νo for a given range of νfb values. Typical values applied in

the model are: no = η = 3.35; ` = 0.0015 m; R2 = 0.3.258,259 Note that in the text, R2 is

labelled as Ro.

Gaussian ray trace analysis

Gaussian ray trace matrix analysis was used to model the beam propagation.35 These

matrices can be applied to the Gaussian beam factor (q) according to Equation 5.22 to

account for changes in spot size and phase front curvature due to, for example, focussing

or propagation through a medium.

We will use the approximation of a thin lens to describe both the mode-matching lens

and cavity mirror with the convention that R > 0 for converging optics where Ri is radius
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Figure A.1: Basic diagram of mode-matching portion of linear OF-CEAS set-up with variables
indicated.

of curvature of the optic i, di is distance (see Figure A.1), and fl is focal length (f = R/2).

The total matrix representing the propagation from the collimated beam incident on the

OAPM to the intracavity beam waist is:

M =

 1 d3

0 1

×
 1 0

− 2
R1

1

×
 1 d2

0 1

×
 1 0

− 1
fl

1

×
 1 d1

0 1

×
 1 0

−1/fOAPM 1


(A.8)

where matrices are multiplied from right-to-left. The example values used are listed below,

with all values given in metres given in Table A.1. Using these values, we find that matrix

M is:

M =

 0.111 −0.3193

3.557 −1.221

 (A.9)

Table A.1: Values used for sample beam propagation model.

fl fOAPM R1 d1 d2 d3

0.15 0.125 0.50 0.25 0.167 0.375

Linear cavity transfer function

Here the equation for absorption in a linear OF-CEAS cavity is derived. The field transmit-

ted through the cavity independent upon the reflectivity coefficients (r) and transmission
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coefficients (t) of the first and second cavity mirrors:

E = Eit1t2 exp(−ikL) (1 + r1r2 exp(−2ikL) + . . . ) ≈ Eit1t2 exp(−ikL)

1− r1r2 exp(−2ikL)
. (A.10)

The transfer function of a lossless cavity assuming that the mirrors are identical is:

Ho =
Io
Ii

=
t4

(1− r2 exp(−2ikL)) (1 + r2 exp(2ikL))
=

T 2

1 +R2 − 2R cos(2kL)
. (A.11)

For a cavity with an absorbing medium, the transfer function is:

H =
Iα
Ii

=
T 2 exp(−αL)

1 +R2 exp(−2αL)− 2R exp(−αL) cos(2kL)
. (A.12)

On resonance (i.e. 2kL = 2nπ) and assuming 1−R = T , this yields:

Io
Iα

=
Ho

H
=

(1−R exp(−αL))2

(1−R)2 exp(−αL)
(A.13)

Take exp(−αL) ≈ 1 in the denominator and using the approximation that ln(1 − x) ≈

−x− x2

2 − . . . when |x| < 1:

α = − 1

L

[
ln

(
1− (1−R)

√
Io
I

)
− ln(R)

]
=

(1−R)

L

(√
Io
I
− 1

)
(A.14)

Coupled cavity analysis

It is also possible to consider the linear cavity system as a series of coupled optical resonators,

as shown in Figure A.2. The arrows indicate fields heading toward and away from the laser

facet (laser cavity in blue), and each of the cavity mirrors (yellow). Neglecting the relative

spatial distribution of the components, the fields can be defined as:

E1 = itLEL − rLE8 (A.15)

E2 = E1 exp(iφ1) (A.16)

E3 = t1E2 − r1E6 (A.17)

194



Appendix

E
L E

4

E
5

E
6E

7

E
3

E
8

E
2

E
1

E
L
*

Figure A.2: Coupled cavity scheme.

and so on with:

E∗L = −rLEL + itLE8. (A.18)

The i term in Equations A.15 and A.18 refers to the phase shift at the laser facet. Reflection

(r) and transmission (t) coefficients are labelled according to laser facet, mirror 1, or mirror

2. The φ term represents phase shift of the field through the cavity, with φ1 describing

the laser–cavity resonator and φ2 the high finesse optical resonator formed between the two

mirrors. After some algebra, E8 can be described in terms of EL and E1 as:

E8 = exp(2iφ1) (itLEL − rLE8)

[
− r2t

2
1 exp(2iφ2)

1− r1r2 exp(2iφ2)
− r1

]
. (A.19)

E∗L can then be written as a function of the two phase conditions:

E∗L = −rLEL −
t2LEL exp(2iφ1)

[
− r2t21 exp(2iφ2)

1−r1r2 exp(2iφ2) − r1

]
1 + rL exp(2iφ1)

[
− r2t21 exp(2iφ2)

1−r1r2 exp(2iφ2) − r1

]
.

(A.20)

It would be interesting in the future to consider this equation, alongside an understanding

of the specific laser physics of QCLs, to investigate whether locking can be preferred in some

situations with the feedback field slightly out-of-phase with the laser cavity field. However,

it is important to note that Equation A.19 is very similar to the transfer function (Equation

5.5) derived in the previous section.
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MATLAB Codes

Frequency tuning model

clear all

figure

grey=[0.6,0.6,0.6];

hold on

b=1e-4; %feedback attenuation

c1=0.3; %reflection amplitude

c2=1; %resonant feedback amplitude

R2=0.3; %laser facet reflectivity

R=0.999; %cavity mirror reflectivity

N=3.51; %refractive index laser gain material

c=3e8; %speed of light

L=0.77; %cavity length

L1=0.77; %laser cavity distance

l=0.0015; % laser cavity size

syms w

phi=0;

w=(5.66451E13:.05e5:5.66458E13);

w1=w/(3E10);

for ind=1:length(w);

% G(ind)=3e8/w(ind)/4;

G(ind)=0;

h(ind)=c1.*sqrt(R)+c2.*(1-R)*sqrt(R)*exp(-2i*2*pi*w(ind).*(L+G(ind))/c)/(1-(R^2).*exp(-2i.*2*pi*(w(ind)).*(L+G(ind))/c));

P(ind)=real(h(ind));

Q(ind)=imag(h(ind));

wo(ind)=((w(ind))+sqrt(b).*(1-R2).*c./(2*N.*l.*sqrt(R2)).*(P(ind).*sin(2.*(L1.*(2*pi*w(ind))./c+phi))-Q(ind).*cos(2.*(L1.*(2*pi*w(ind))./c+phi))));

wo1(ind)=wo(ind)/(3E10);

[m, in] = max(wo(1:ind));

woo(ind)=wo(in);

woo1(ind)=woo(ind)/(3E10);

ht1(ind)=c2.*(1-R)*exp(-2*pi*w(ind).*(L+G(ind)).*1i./c)*exp(-1i*(L1.*2*pi*w(ind)/c+phi))/(1-R.*exp(-2i.*2*pi*w(ind).*(L+G(ind))./c));

end

I1=ht1.*conj(ht1);

%subplot(2,1,1)

plot(wo1,w1off,’b’,’Linewidth’,1.);

hold on

plot(woo1,w1,’b’,’Linewidth’,2);

%subplot(2,1,2)

%hold on

%plot(woo1,I1,’b’,’Linewidth’,1);

Beam size model

%ABCD analysis of resonant and nonresonant beam

%refractive indices
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%ylabel(’Intensity / au’)

%xlabel(’Beam radius / m’)

figure

L=0.77;

lambda=5.26e-6;

f_coll=0.004;

n_air=1.00027266; %at 15C (Penndorf, 1957)

n_ZnSe=2.4278; %CVD ZnSe at 20C (NIST, Li, 1984)

n_BD=2.616; %Black Diamond, ThorLabs

n_CaF2=1.3952; %Crystran

l_BD=0.0025; %thickness black diamond collimating lens

l_M=0.003; %thickness of cavity mirrors (based on normal window thickness)

l_CaF2=0.0033; %thickness of CaF2 lens (Thorlabs)

x_LasPM=0.21; %distance laser to OAPM

x_PMwind=0.; %distance parabolic mirror to window

l_wind=0.000; %thickness window

x_cav=0.77; %cavity length

f_lens=0.15;

f_lensrev=0.15;

f_OAPM=0.125;

f_M=.5;

g=.29;

wo=0.0015; %beam spot size (radius) at collimating lens

woo=sqrt(lambda*L/(pi*2)*sqrt(2*1/L-1));

qoo=(-1i*lambda/(pi()*woo^2))^(-1);

qo=(-1i*lambda/(pi()*wo^2))^(-1);

k=1.8855e5;

x_meas=-0.004;%must be between 0.208 and 0.348 (x_LasPM to x_LasPM+x_PMwind)

A2=1; %amplitude resonant

R3=(abs(n_air-n_ZnSe)/(n_air+n_ZnSe))^2;

A1=0.71; %amplitude reflection

f0=0.32;

f1=0.45;%focal points on return (can get from model2 plot or plotting wa(xx))

f2=0.37;

f3=0.02;

x_lensCav=0.105;

x_PMlens=0.77-x_LasPM-x_lensCav-l_M-l_wind;

%first pass

x1=(-0.0040:0.0001:0.0);

for ind = 1:length(x1);

if (x1(ind)<0)

M1a=[1 -x1(ind);0 1]; M1b=[1 0;(-1/f_coll) 1];

M2=[1 0;0 1];

M3=[1 0;0 1]; M4=[1 0;0 1]; M4e=[1 0;0 1]; M4c=[1 0;0 1]; M4d=[1 0;0 1];

M5=[1 0;0 1]; M7z=[1 0;0 1]; M8=[1 0;0 1]; M9=[1 0;0 1];M10=[1 0;0 1];

M=M1a*M1b;

elseif (x1(ind)>=0)&&(x1(ind) < x_LasPM)

M1a=[1 0;0 1]; M1b=[1 0;0 1];

M2=[1 x1(ind);0 1];

M3=[1 0;0 1]; M4=[1 0;0 1]; M4e=[1 0;0 1]; M4c=[1 0;0 1]; M4d=[1 0;0 1];

M5=[1 0;0 1]; M7z=[1 0;0 1]; M8=[1 0;0 1]; M9=[1 0;0 1];M10=[1 0;0 1];

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

elseif (x_LasPM <= x1(ind)) && (x1(ind) < (x_LasPM + x_PMwind))

M1a=[1 0;0 1]; M1b=[1 0;0 1];
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M2=[1 x_LasPM;0 1];

M3=[1 0;(-1/f_OAPM) 1];

M4=[1 (x1(ind)-x_LasPM);0 1];

M4e=[1 0;0 1]; M4c=[1 0;0 1]; M4d=[1 0;0 1]; M5=[1 0;0 1]; M7z=[1 0;0 1];

M8=[1 0;0 1]; M9=[1 0;0 1];M10=[1 0;0 1];

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

elseif ((x_LasPM+x_PMwind) <= x1(ind)) && (x1(ind) < (l_wind+x_LasPM + x_PMwind ))

M1a=[1 0;0 1]; M1b=[1 0;0 1];

M2=[1 x_LasPM;0 1];

M3=[1 0;(-1/f_OAPM) 1];

M4=[1 (x_PMwind);0 1];

M4e=[1 0;0 n_air/n_CaF2];

M4c=[1 (x1(ind)-x_LasPM-x_PMwind);0 1];

M4d=[1 0;0 1]; M5=[1 0;0 1]; M7z=[1 0;0 1]; M8=[1 0;0 1]; M9=[1 0;0 1];

M10=[1 0;0 1];

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

elseif ((x_LasPM+x_PMwind) <= x1(ind)) & (x1(ind) < (l_wind+x_LasPM + x_PMlens ))

M1a=[1 0;0 1]; M1b=[1 0;0 1];

M2=[1 x_LasPM;0 1];

M3=[1 0;(-1/f_OAPM) 1];

M4=[1 (x_PMwind);0 1];

M4e=[1 0;0 n_air/n_CaF2];

M4c=[1 l_wind;0 1];

M4d=[1 0;0 n_CaF2/n_air];

M5=[1 x1(ind)-(l_wind+x_LasPM+x_PMwind);0 1];

M7z=[1 0;0 1]; M8=[1 0;0 1]; M9=[1 0;0 1]; M10=[1 0;0 1];

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

elseif ((x_LasPM+x_PMlens+l_wind) <= x1(ind))& (x1(ind) < (x_LasPM+x_PMlens

+x_lensCav+l_wind))

M1a=[1 0;0 1]; M1b=[1 0;0 1];

M2=[1 x_LasPM;0 1];

M3=[1 0;(-1/f_OAPM) 1];

M4=[1 (x_PMwind);0 1];

M4e=[1 0;0 n_air/n_CaF2];

M4c=[1 l_wind;0 1];

M4d=[1 0;0 n_CaF2/n_air];

M5=[1 (x_PMlens-x_PMwind-l_wind);0 1];

M7z=[1 0;-1/f_lens 1];%thin lens approximation

M8=[1 (x1(ind)-(x_LasPM+x_PMlens+l_wind));0 1];

M9=[1 0;0 1];M10=[1 0;0 1];

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

elseif ((x_LasPM+x_PMlens+x_lensCav+l_wind)<=x1(ind))&(x1(ind) <(x_LasPM

+x_PMlens+x_lensCav+l_M+l_wind))

M1a=[1 0;0 1]; M1b=[1 0;0 1];

M2=[1 x_LasPM;0 1];

M3=[1 0;(-1/f_OAPM) 1];

M4=[1 (x_PMwind);0 1];

M4e=[1 0;0 n_air/n_CaF2];

M4c=[1 l_wind;0 1];

M4d=[1 0;0 n_CaF2/n_air];

M5=[1 (x_PMlens-x_PMwind);0 1];

M7z=[1 0;-1/f_lens 1];

M8=[1 (x_lensCav);0 1];

M9=[1 0;0 n_air/n_ZnSe];
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M10=[1 x1(ind)-(x_lensCav+x_LasPM+x_PMlens+l_wind);0 1];

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

else

M1a=[1 0;0 1]; M1b=[1 0;0 1];

M2=[1 x_LasPM;0 1];

M3=[1 0;(-1/f_OAPM) 1];

M4=[1 (x_PMwind);0 1];

M4e=[1 0;0 n_air/n_CaF2];

M4c=[1 l_wind;0 1];

M4d=[1 0;0 n_CaF2/n_air];

M5=[1 (x_PMlens-x_PMwind);0 1];

M7z=[1 0;-1/f_lens 1];

M8=[1 x_lensCav;0 1];

M9=[1 0;0 n_air/n_ZnSe];

M10=[1 l_M;0 1];%propagation first cavity mirror

M=M10*M9*M8*M7z*M5*M4d*M4c*M4e*M4*M3*M2;

end

A=M(1,1);

B=M(1,2);

C=M(2,1);

D=M(2,2);

Q(ind)=1/((A*qo+B)/(C*qo+D));

Qr(ind)=real(Q(ind));

Qi(ind)=-1*imag(Q(ind));

w(ind)=sqrt(lambda/pi/Qi(ind));

R(ind)=1/Qr(ind);

if x1==f0

Qq=1/((A*qo+B)/(C*qo+D));

Qrq=real(Qq);

Qiq=-1*imag(Qq);

wq=sqrt(lambda/pi/Qiq);

Rq=1/Qrq;

end

if x1==x_meas

Qm=1/((A*qo+B)/(C*qo+D));

Qrm=real(Qm);

Qim=-1*imag(Qm);qm=1/Qm;

wm=sqrt(lambda/pi/Qim);

Rm=1/Qrm;

end

if x1==0.77

Qm1=1/((A*qo+B)/(C*qo+D));

Qm1r=real(Qm1);

Qm1i=-1*imag(Qm1);

qm1=1/Qm1;

wm1=sqrt(lambda/pi/Qm1i);

Rm1=1/Qm1r;

end

plot(x1(ind),w(ind),’g.’)

hold on

end

xx=(-0.004:0.0001:0.0);

%resonant cavity beam(b)

%nonresonant from first (c) and second (a) reflection -- return pass
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for ind=1:length(xx)

%find q factor at front cavity mirror from resonant cavity properties

Rcav=0.5;

wcav=sqrt(lambda*0.5/pi/sqrt(1/.375-1));

qcav=(1/Rcav-5.3E-6*i/pi/wcav^2)^(-1);

M0b=[1 0.75/2;0 1];%propagation through half of cavity

M1b=[1 0;(n_air-n_ZnSe)/(-2*f_M*n_ZnSe) n_air/n_ZnSe];%refraction at curved surface

M2a=[1 x_LasPM;0 1];

M3a=[1 0;(-1/f_OAPM) 1];

M4a=[1 (x_PMwind);0 1];

M5a=[1 0;0 n_air/n_CaF2];

M6a=[1 l_wind;0 1];

M7a=[1 0;0 n_CaF2/n_air];

M8a=[1 (x_PMlens-x_PMwind);0 1];

M9a=[1 0;-1/f_lens 1];

M10a=[1 x_lensCav;0 1];

M11a=[1 0;0 n_air/n_ZnSe];

M11c=[1 0;0 1];

M12a=[1 l_M;0 1];

M13a=[1 0;1/f_M 1]; %reflection off surface 2

if xx(ind)>(0.77-l_M)

M2b=[1 (0.77-xx(ind));0 1];%propagation through mirror

M3b=[1 0;0 1]; M4b=[1 0;0 1]; M5b=[1 0;0 1]; M6b=[1 0;0 1]; M7b=[1 0;0 1];

M8b=[1 0;0 1]; M9b=[1 0;0 1]; M10b=[1 0;0 1]; M11b=[1 0;0 1]; M12b=[1 0;0 1];

M13b=[1 0;0 1];

elseif (xx(ind)<=(0.77-l_M))&&(xx(ind)>(0.77-l_M-x_lensCav))

M2b=[1 l_M;0 1];

M3b=[1 0;0 n_ZnSe/n_air];%refraction at flat surface of M1

M4b=[1 (0.77-l_M-xx(ind));0 1];

M5b=[1 0;0 1]; M6b=[1 0;0 1]; M7b=[1 0;0 1]; M8b=[1 0;0 1];

M9b=[1 0;0 1]; M10b=[1 0;0 1]; M11b=[1 0;0 1]; M12b=[1 0;0 1]; M13b=[1 0;0 1];

M14b=[1 0;0 1];

elseif (xx(ind)<=(0.77-l_M-x_lensCav))&&(xx(ind)>(0.77-l_M-x_lensCav-(x_PMlens

-l_wind-x_PMwind)))

M2b=[1 l_M;0 1];

M3b=[1 0;0 n_ZnSe/n_air];

M4b=[1 x_lensCav;0 1];

M5b=[1 0;-1/f_lensrev 1];

M6b=[1 (0.77-xx(ind)-l_M-x_lensCav);0 1];

M7b=[1 0;0 1]; M8b=[1 0;0 1]; M9b=[1 0;0 1];

M10b=[1 0;0 1]; M11b=[1 0;0 1]; M12b=[1 0;0 1]; M13b=[1 0;0 1];M14b=[1 0;0 1];

elseif (xx(ind)<=(0.77-l_M-x_lensCav-(x_PMlens-l_wind-x_PMwind)))&&(xx(ind)>(0.77

-l_M-x_lensCav-(x_PMlens-x_PMwind)))

M2b=[1 l_M;0 1];

M3b=[1 0;0 n_ZnSe/n_air];

M4b=[1 x_lensCav;0 1];

M5b=[1 0;-1/f_lensrev 1];

M6b=[1 (x_PMlens-x_PMwind-l_wind);0 1];

M7b=[1 0;0 n_air/n_CaF2];

M8b=[1 (0.77-xx(ind)-l_M-(x_PMlens-x_PMwind-l_wind));0 1];

M9b=[1 0;0 1]; M10b=[1 0;0 1]; M11b=[1 0;0 1]; M12b=[1 0;0 1]; M13b=[1 0;0 1];

M14b=[1 0;0 1];

elseif (xx(ind)<=(0.77-l_M-x_lensCav-(x_PMlens-x_PMwind)))&&(xx(ind)>(0.77-l_M

-x_lensCav-x_PMlens))

200



Appendix

M2b=[1 l_M;0 1];

M3b=[1 0;0 n_ZnSe/n_air];

M4b=[1 x_lensCav;0 1];

M5b=[1 0;-1/f_lensrev 1];

M6b=[1 (x_PMlens-x_PMwind-l_wind);0 1];

M7b=[1 0;0 n_air/n_CaF2];

M8b=[1 l_wind;0 1];

M9b=[1 0;0 n_CaF2/n_air];

M10b=[1 (0.77-l_M-x_lensCav-xx(ind)-(x_PMlens-x_PMwind));0 1];

M11b=[1 0;0 1]; M12b=[1 0;0 1]; M13b=[1 0;0 1];M14b=[1 0;0 1];

elseif (0<=xx(ind))&&(xx(ind)<=(0.77-l_M-x_lensCav-x_PMlens))

M2b=[1 l_M;0 1];

M3b=[1 0;0 n_ZnSe/n_air];

M4b=[1 x_lensCav;0 1];

M5b=[1 0;-1/f_lensrev 1];

M6b=[1 (x_PMlens-x_PMwind-l_wind);0 1];

M7b=[1 0;0 n_air/n_CaF2];

M8b=[1 l_wind;0 1];

M9b=[1 0;0 n_CaF2/n_air];

M10b=[1 (x_PMwind);0 1];

M11b=[1 0;-1/f_OAPM 1]; %reflection from oapm, reverse

M12b=[1 (0.77-l_M-x_PMlens-x_lensCav-xx(ind));0 1]; M13b=[1 0;0 1];

M14b=[1 0;0 1];

elseif (xx(ind)<0)

M2b=[1 l_M;0 1];

M3b=[1 0;0 n_ZnSe/n_air];

M4b=[1 x_lensCav;0 1];

M5b=[1 0;-1/f_lensrev 1];

M6b=[1 (x_PMlens-x_PMwind-l_wind);0 1];

M7b=[1 0;0 n_air/n_CaF2];

M8b=[1 l_wind;0 1];

M9b=[1 0;0 n_CaF2/n_air];

M10b=[1 (x_PMwind);0 1];

M11b=[1 0;-1/f_OAPM 1]; %reflection from oapm, reverse

M12b=[1 (0.77-l_M-x_PMlens-x_lensCav-xx(ind));0 1];

M13b=[1 0;-1/f_coll 1];M14b=[1 -xx(ind);0 1];

end

Mb=M14b*M13b*M12b*M11b*M10b*M9b*M8b*M7b*M6b*M5b*M4b*M3b*M2b*M1b*M0b;

Ma=M14b*M13b*M12b*M11b*M10b*M9b*M8b*M7b*M6b*M5b*M4b*M3b*M2b*M13a*M12a*M11a*M10a*M9a*M8a

*M7a*M6a*M5a*M4a*M3a*M2a;

Mc=M14b*M13b*M12b*M11b*M10b*M9b*M8b*M7b*M6b*M5b*M4b*M11c*M10a*M9a*M8a*M7a*M6a*M5a

*M4a*M3a*M2a;

Ab=Mb(1,1); Aa=Ma(1,1); Ac=Mc(1,1);

Bb=Mb(1,2); Ba=Ma(1,2); Bc=Mc(1,2);

Cb=Mb(2,1); Ca=Ma(2,1); Cc=Mc(2,1);

Db=Mb(2,2); Da=Ma(2,2); Dc=Mc(2,2);

Qb(ind)=1/((Ab*qcav+Bb)/(Cb*qcav+Db));

Qa(ind)=1/((Aa*qo+Ba)/(Ca*qo+Da));

Qc(ind)=1/((Ac*qo+Bc)/(Cc*qo+Dc));

Qrb(ind)=real(Qb(ind)); Qra(ind)=real(Qa(ind)); Qrc(ind)=real(Qc(ind));

Qib(ind)=-1*imag(Qb(ind)); Qia(ind)=imag(Qa(ind))*-1; Qic(ind)=imag(Qc(ind))*-1;

wb(ind)=sqrt(lambda/pi/Qib(ind)); wa(ind)=sqrt(lambda/pi/Qia(ind));

wc(ind)=sqrt(lambda/pi/Qic(ind));
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Rb(ind)=1/Qrb(ind); Ra(ind)=1/Qra(ind); Rc(ind)=1/Qrc(ind);

if xx==f2

Qbb=1/((Ab*qcav+Bb)/(Cb*qcav+Db));

Qrbb=real(Qbb);

Qibb=-1*imag(Qbb);qbb=1/Qbb;

wbb=sqrt(lambda/pi/Qibb);

Rbb=1/Qrbb;

end

if xx==f1

Qaa=1/((Aa*qo+Ba)/(Ca*qo+Da));

Qraa=real(Qaa);

Qiaa=-1*imag(Qaa);qaa=1/Qaa;

waa=sqrt(lambda/pi/Qiaa);

Raa=1/Qraa;

end

if xx==f3

Qcc=1/((Ac*qo+Bc)/(Cc*qo+Dc));

Qrcc=real(Qcc);

Qicc=-1*imag(Qcc);qcc=1/Qcc;

wcc=sqrt(lambda/pi/Qicc);

Rcc=1/Qrcc;

end

if xx==x_meas

Qbm=1/((Ab*qcav+Bb)/(Cb*qcav+Db));

Qrbm=real(Qbm);

Qibm=-1*imag(Qbm);qbm=1/Qbm;

wbm=sqrt(lambda/pi/Qibm);

Rbm=1/Qrbm;

Qam=1/((Aa*qo+Ba)/(Ca*qo+Da));

Qram=real(Qam);

Qiam=-1*imag(Qam);qam=1/Qam;

wam=sqrt(lambda/pi/Qiam);

Ram=1/Qram;

Qcm=1/((Ac*qo+Bc)/(Cc*qo+Dc));

Qrcm=real(Qcm);

Qicm=-1*imag(Qcm);qcm=1/Qcm;

wcm=sqrt(lambda/pi/Qicm);

Rcm=1/Qrcm;

end

plot(xx(ind),wa(ind),’b.’,...

xx(ind),wb(ind),’r.’,...

xx(ind),wc(ind),’k.’)

hold on

end
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“Frequency modulation spectroscopy with a THz quantum-cascade laser,” Opt. Exp., vol. 21,
pp. 32199–32206, 2013.

136. J. H. Seinfeld and S. N. Pandis, Atmospheric chemistry and physics: From air pollution to
climate change. Hoboken, New Jersey: Wiley, 2006.

137. Neonatal Inhaled Nitric Oxide Study Group, “Inhaled nitric oxide in full-term and nearly
full-term infants with respiratory failure,” N. Engl. J. Med., vol. 336, pp. 597–604, 1997.

138. C. D. R. Borland and T. W. Higenbottam, “A simultaneous single breath measurement of
pulmonary diffusing capacity with nitric oxide and carbon monoxide,” Eur. Respir. J., vol. 2,
pp. 56–63, 1989.

139. A. Hutchinson, Diode Laser Studies of Trace Species and their Reactions. PhD thesis, Univer-
sity of Oxford, 2006.
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