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Summary

Wavelength modulation spectroscopy (WMS) is a well-established technique
for measuring trace gases (< 1ppmv). By modulating the wavelength of a
distributed feedback quantum cascade laser (DFB-QCL), wavelength mod-
ulation in the incident light results in intensity modulation in the detected
light, which allows us to precisely measure trace gas concentrations. In this
thesis, a look at the underlying theoretical principles is taken, and the main
results for WMS are derived. The theoretic assumptions are tested and edge
cases are discussed. The specific focus is the detection of traces of carbon
monoxide (CO). Different approaches and approximations are discussed, and
some are tested. A setup using discrete lock-in amplifiers is built, and then
succeeded by a fully software-driven one. By using a homemade LabVIEW
based signal generator and data processing combination, a detection limit of
20 ppbv of 100 mbar CO is reached. This is precise enough for most medi-
cal diagnostic uses (i.e. detection of exhaled CO; eCO, 1ppmv to 5ppmv),
and offers good signal to noise ratios for detection in noisy environment (i.e.
plasma). Finally, an outlook on the possible development of the technique is
presented. By further reducing the amount of required devices, a compact
and cheaper system can be built, thus making CO detection more accessible.
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1. INTRODUCTION

1 Introduction

Trace gases are gases of very small concentrations, ranging from a couple of parts per
million volume (ppmv) to as little as a couple of parts per trillion volume (pptv). The
term is often associated with atmospheric gases, but is also applied to occurrences of
these tiny concentrations elsewhere. In this thesis, we will take a look at carbon monox-
ide. There are many different applications for trace gas detection of carbon monoxide
(CO) in our current times. In biology and medical sciences, exhaled CO (eCO) is an
important biomarker for a lot of diseases [Il, [2]. The detection of concentrations of
eCO provides us with more tools to assess a patient’s health [3], and can offer a non-
intrusive alternative to some invasive examinations [4]. Additionally, in search of ways
to overcome

1. our dependence on petroleum for the production of bio-based chemicals,
2. the rising concentrations of greenhouse gases in the air,

3. and the lack of good mass energy storage methods,

the importance of CO, conversion methods is getting greater and greater. One promising
but little researched technique for the conversion of CO4 into value-added chemicals, is
using plasma technology [5, [6]. Many of the possible plasma-catalytic processes to
convert CO, into those value-added chemicals includes the generation of CO as an
intermediate. Being able to measure the CO concentrations during such processes is
therefore of uttermost importance. As the CO concentrations can be quite low and the
conditions for measuring can be extremely noisy, we tend to laser spectroscopy as it
has proven to achieve detection limits in the order of only a couple of parts per billion
by volume (ppbv). Specifically, wavelength modulation spectroscopy (WMS) is used
to overcome these harsh conditions. Moreover, other detection methods often rely on
chemical processes to indirectly probe the concentration of CO and can therefore not be
used to monitor chemical processes.

For my bachelor thesis, I have been looking into the WMS technique applied to traces
of CO. By building an experiment, both physically and in software, an attempt is made
to create a reproducible way to measure CO in trace gas concentrations and harsh
conditions. Before doing so, the theoretical framework around this technique will be
established.

The next subsections will introduce and quantify the notion of absorption of electro-
magnetic radiation by matter and [1.3), the origin of this absorption in atoms and
molecules , and the working principles of the light source used for the experiment
. Finally, these concepts will be combined in the WMS technique in subsection

1.1 Direct absorption

In order to say something about the composition of a gas, we require a way to identify
and then distinguish different species of molecules in it. There are multiple properties
that can be used for this distinction. Here we use the absorption of electromagnetic (EM)
radiation. When electromagnetic waves pass through a molecule, part of the radiation is
absorbed. The intensities of the radiation before and after passing the gas are compared
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Figure 1: The spectrum of CO in the mid-infrared part of the EM spectrum in the
picture is simulated using HITRAN data [7]. This window corresponds to the Av = 1
band [§]. The line of interest, the CO R6 transition at 2169.50 cm™—!, is highlighted by
the dotted vertical line.

and a difference in intensity is observed. The ratio between these intensities is called
the transmittance T, which is defined as

T=—
Iy’
where Ij is the initial intensity and I is the transmitted intensity of the radiation. From
the transmittance, we can calculate the absorbance A,

A= —logoT.

The absorbance can then be related to the concentration of the species of interest in the
gas by the Lambert-Beer law,
A = elc, (1)

where € is the absorptivity of the species of interest in the gas, ¢ is the length of the
path through the gas along which the EM radiation travels, and c is the volumetric
concentration of the species of interest in the gas. What allows us to make a distinction
between different molecules, is that this absorptivity depends on the wavelength of the
EM waves. For visible light, this is known as its color. This spectrum is like a fingerprint
and differs from molecule to molecule. See figure[l] for an absorption spectrum of a pure
CO gas in a part of the mid-infrared range of the EM spectrum.

As can be seen in this absorption spectrum of pure CO, this fingerprint consists of
discrete lines corresponding to discrete wavelengths. These lines are due to the quantized
nature of the energies of atomic orbits, as will be further investigated in the next section.
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Knowledge of the shape and size of these absorption features allows us to quantify this
fingerprint.

As is often the case, a sample consists of multiple gas species. The absorbance of some
sample is then rewritten as a sum of the absorbances of the present species denoted by

index 7 as
w) = EZ € (w)eq,

where we included the dependence on angular frequency uEI, such that the transmitted
intensity I can be expressed via

I(w) = In(w)T(w) = I(w)10™¢ 2 csl@ei

A commonly used alternative measure for the degree of absorption is the attenuation
cross-section o. The absorptivity is related to the attenuation cross-section as

Na
€i(w) = m”z‘(w)»

with N4 Avogadro’s number, which gives a relation of the transmitted intensity I
I = Tpe ¢l (2)

with n; the number density of the attenuating species. Given, for all species in a sample,
the absorption cross-sections o;(w) and their line shapes, the composition of a sample
can be reconstructed from the measured absorption spectrum. For many molecules,
these cross-sections are known, and can be found in databases such as HITRAN [7].
These values are determined experimentally and through theory.

What is important to note, is that for trace gases, the measured intensities are often in
the same order as the original intensities. This makes it hard to detect any absorption
variations at all as noise is often larger and resolution coarser.

1.2 Rotational-vibrational transitions

In atomic spectroscopy, the absorption and emission of electromagnetic radiation, or
photons, by atoms is considered. When a photon hits an atom, there is a chance of
that photon being absorbed. The energy of the photon is transferred to the atom, and
the atom gets excited into a higher energy state. These states |¥) are governed by
the solutions to the Schrédinger equation for the system. A state [¥) is found as an
eigenstate to the hamiltonian operator H =T+ V of its kinetic and potential operators
with the energy F its eigenvalue:

H|U) = E|U)

The physical interpretation of these eigenstates are the possible orbits around a nucleus
electrons can occupy. The electrons orbit around the nucleus in shells with discrete
distances between these shells. Emission and absorption of photons correspond to the
differences in energy levels between these shells. The change of energy of the system is
given by

AE = Eﬁnal - Einitial-

1As frequency v and angular frequency w = 27w are very similar, those terms will be used inter-
changeably throughout this thesis.
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For negative AF, energy leaves the system by emitting a photon with energy
hv = |AE|,

where h is Planck’s constant and v is the frequency of the photon, which can also be
expressed in terms of its wavelength (A = £) or wavenumber (k = + = ). If AE is
positive, a photon with equal energy is absorbed. As this transition is only possible in
fixed discrete steps, only photons with certain energies can be exchanged. This translates

to the discrete lines in the absorption spectrum.

Molecules are more complex. They consist of multiple nuclei and electrons and can be
in a larger variety of states. The energy levels of those states are not only determined
by the electronic structure, but also by the vibrations and rotations between the atoms.
An illustration of the energy levels of those states is displayed in figure [2| Again, these
states are eigenstates to the Schrodinger equation for the system, this time of multiple
atoms. Solutions to this Schrodinger equation are hard to find. Therefore, a common
approximation is to treat the motion of the electrons and the nuclei separately, which
is justified by the great difference in their masses. This is called the Born-Oppenheimer
approximation. The molecular state structure is then made up of an electronic, and a
rotational-vibrational part, which both affect the energy of the state. By first treating
the nucleus as a rigid object having constant internuclear distance R, the solutions for
the electronic states can be found. The effect of the ro-vibrational structure is regarded
as a perturbation on the electronic structure. By allowing the internuclear distance R
to vary, vibrational and rotational parts of the state are established. [9 p.357-381]

Going back to the formal notation of the eigenstates, quantum numbers can be assigned
to each part of the structure. The largest contribution to the energy comes from the
electronic structure, and is given by E¢ for principal quantum number n. After the
electronic contribution, the effect of the vibration is the greatest and we find E’(v) as
function of the quantum number v. The smallest effect comes from the vibrational
structure, given by E’(J) as function of the total orbital angular momentum J. The
primes emphasize the fact that they are perturbation results. The energetic state of
a molecule can then be captured by its quantum numbers as |[nAvJ), including the
projection of the orbital quantum number along the internuclear axis, A. This projection
can be ignored for the energy levels, as it does not contribute to them.

In molecular spectroscopy, transitions between these molecular states are considered. A
change of state |n;A;v;J;) — [ngAjvsJy) corresponds to the absorption or emission of
electromagnetic radiation of energy

hv = |AE| = |E; — Ei|.

Again, as these energy levels are discrete, the transitions are as well. For most low
energy experiments, the molecules stay in the electronic ground state, so changes in n
are not considered. For the ro-vibrational spectrum, we just look at changes in v and
J. However, not all those changes of state are allowed. Conservation of angular mo-
mentum and symmetry also need to be taken into consideration. From the conservation
rules, selection rules for the transitions are derived: AJ = 0,+£1 and Av = £1,+£2,....
These transitions are grouped into branches, of which in diatomical molecules due to
the selection rules, only two are observed: the R-branch for AJ = +1 and the P-branch
for AJ = —1. The Q-branch for AJ = 0 is negligible in most diatomic molecules. [I0}
p.43-52]

Referring back to figure[I] this part of the spectrum corresponds to the Av = +1 band,
and a distinction between the P-branch on the left and the R-branch on the right of
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Figure 2: Molecular states can be decomposed into an electrical (ES!), a vibrational
(E(v)) and a rotational (E(J)) part. [9, figure 9.52]

the 2040 cm~! wavenumber can be made. In the performed WMS, only the CO R6
transition of wavenumber 2169.50 cm™! is considered, as overlap with transitions of
other molecules in the gas (Hy,O, CO,) is minimal (see figure [3]) [1l 1], and the used
light source is limited to this range.

1.3 Line shape functions

A last but not unimportant notion on absorption is that of the line shape.[I2], p.13] In
the previous section, the cross-section o(w) of absorption features was briefly mentioned.
In this section, we found that emitted and absorbed photons are of discrete energies,
determined by the structure of the atoms or molecules. Observed lines are, however,
not infinitely sharp: the lines are broadened. What may look like sharp lines in, for
example, figure [I| are actually mountains around a central energy. Due to effects like
the uncertainty principle, the velocity of particles, pressure, and other parameters, the
lines are broadened and we observe line shapes. [12, paragraphs 2.1-2.3]

These line shapes can be described by different functions, depending on the conditions
and most notable broadening effects. Most common are the Gaussian and Lorentzian
line shape functions, and their combination, the Voigt function. These functions are nor-
malized, that is, the area under the curve equals one, as the total integrated absorption
cross-section remains constant.

The first of three types of broadening is lifetime broadening. Due to the uncertainty
of energy states, this molecule aspecific effect results broadening of the absorption line.
This homogeneous broadening effect results in a Lorentzian line shape function

o 2/(mAv)
0= TR ) A
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Figure 3: The spectrum displays the possible interference of H,O (in black) to the
absorption features of CO (in gray) near the R6 transition. It was simulated for the
selection of a feature for a CO sensor in [I1]] (using HITRAN with 1 ppmv CO at 1atm,
296 K and a 1 meter pathlength).

which is a function proportional to the absorption cross-section at frequency v around
center frequency ry. The distribution around vq is characterized by the full width at
half maximum (FWHM) Av. In the case of lifetime broadening, the equality Av = 5
holds for the mean lifetime 7 of an excited state. It is mostly visible if other broadening

effects are small, at very low pressure and temperature.

The second mechanism that results in Lorentzian broadening, is that of interaction
between molecules in a gas. This is called collision or pressure broadening. The FWHM
Av is a function of partial pressures with linear constants depending on the interaction
between molecular species and molecules of the same species.

The third type is Doppler broadening, a type of inhomogeneous broadening. In solids,
this is mostly due to the presence of particles with different emission lines. In gases, this
effect is usually dominant over homogeneous broadening, and is due to velocity of the
molecules parallel to the light direction. This effect can be quantized with a Gaussian

line shape function
2 /In2 o vy /An
g(vo,v) = M\/Te [2(v—r0)/AV)? 1 2 3)

again of the same parameters as above. For inhomogeneous broadening, the FWHM Av

can be expressed as
vy [8kpT1In2
Av=—| ————
TN T

with kp the Boltzmann constant, 7' the temperature of the gas, atomic mass M, and
the speed of light c.

For most measurement techniques, sharper lines are desired. This often means pressure
is kept low to minimize collision broadening. In the case of (trace) gas absorption, the
major effects are Doppler and collision broadening.
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Figure 4: A schematic diagram of a typical laser is shown. The pump puts energy
into the system. In the gain medium, photons are produced by a process of stimulated
emission. This effect is amplified by the oscillation due to the resonator, producing more
and more coherent photons. In a gas laser, for example, the optical resonator would
consist of two mirrors, with on the left side an inlet and on the side a small outlet in
the center.

1.4 Quantum cascade laser

As was seen in the previous subsections, the CO molecule can be recognized by its
fingerprint in the mid-infrared region. In order to “see” the molecules, we therefore need
a light source that emits EM radiation in that region. The light has to be predictable,
and, for the WMS technique, it also has to be modulated. The logical way to go is with
lasers, which luckily have been around for some decades.

A laser, originally an abbreviation for Light Amplification by Stimulated Emission of
Radiationﬂ is a monochromatic emitter of coherent electromagnetic radiation through
the process of stimulated emission. Typically, a laser emits a tightly focused beam
at a very narrow wavelength band. Although there are various types of lasers, they
are all made up of three principal parts: an energy source, a gain medium, and some
type of optical resonator. Before looking into the specific kind of laser used during my
internship, we will first cover this general concept of a laser.

A schematic depiction of a typical laser is shown in figure[dl The energy source provides
energy to the system. This process is called pumping. Electrons in the gain medium
are excited into a higher energy state from which they can decay under the emission of
a photon. In the process of spontaneous emission, these photons are produced in any
random direction. Depending on the incident direction, the resonator feeds back the
photon through the gain medium or absorbs it. It may or may not be desired that this
reflection depends on the wavelength of the photon. When this photon hits an excited
electron, the electron decays under the emission of a photon with the same wavelength,
direction, and phase of the incident photon. This incident photon therefore stimulates
the emission of another equivalent photon, and this new photon can do so, again. If
enough electrons are in the excited state, and there are enough photons to stimulate
the decay, there is a point at which the stimulated emission dominates the spontaneous
emission, and we say the laser lases. The result is an intense, coherent beam of light.
Naturally, however, the distribution of electrons in the lower and higher energetic states
is such that the lower states are more heavily populated. In our laser system, this is
not the case. The situation of having more electrons in an excited state than in their
ground state, is called population inversion. [12]

2Fun fact of the year is that Oscillation fitted better than Amplification [12} p.1, footnote 1].
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Figure 5: The energy levels of a quantum cascade laser are shown for two stages (by the
black lines). The electrons (blue-green) tunnel from the higher to the lower states under
the emission of a photon of energy equal to the difference between the energy states.
15, p.554, figure 1.A]

There are numerous types of mid-infrared lasers as are compared in [13, p.10-15]. Due to
its tunability, compactness, and its performance even at room temperature, the quantum
cascade laser (QCL) is chosen as the light source for these experiments. First, we will
take a look at how the laser works, and then we will see how the emission can be
modulated.

A QCL is a semiconductor laser. In most semiconductor lasers, radiation is emitted
as a result of electron-hole recombination between the valence and conduction band
(interband transitions). The energy of the radiation then depends on the band gap of
the material. In QCLs, however, the radiation originates from the tunneling of elec-
trons between states within a system of quantum wells confined to the valence band or
the conduction band (intraband or intersubband transitions). The thicknesses of the
quantum wells and the barriers determine the energies of these transitions. The result-
ing emission is therefore a consequence of design, not only of the materials used. A
schematic representation of the energy levels is displayed in figure (5| [14] paragraph 2.3]

Figure [6] shows the composition of a QCL. A supply voltage is applied over the top and
bottoms contacts, creating a potential over the active region. The structure of the active
region of a typical (simplified) QCL consists of a composition of stages with each three
energy levels. Electrons are injected in some upper energy level. By tunneling from level
3 to level 2, a photon of a certain energy is emitted. After this step, by fast tunneling
from levels 2 to 1, the electron reaches energy level 3 for the next stage. The structure
is made such that the decay from levels 2 to 1 is far more probable than the decay from
levels 3 to 2. In this way, population inversion is achieved: there are more electrons in
the higher level 3 than in level 2. This is desired as then the spontaneous emission is
minimized. To keep a good supply of highest energy electrons, a current from the power
supply will flow. This is called the injection current.

When many of these stages are combined, a cascading effect occurs, and multiple photons
are emitted per injected electron. Depending on the purpose of the laser, the difference

10
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Figure 6: The QCL is driven by a voltage applied over the top and bottom contacts.
At a sufficient voltage, a potential gradient arises over the grating structure. Electrons
populate various potential wells. By tuning the thicknesses of the semiconductor layers,
the energy levels can be tuned. A waveguide of some sorts contains the emission. [16]

in energy between levels 3 and 2 is the same for all stages, thus generating a laser beam
of one wavelength (single-mode), or these differences vary, generating a spectrum of
multiple wavelengths (multi-mode). For most spectroscopy applications, single-mode
operation of a QCL is required, as is for the WMS technique.

In order to stimulate the decay from levels 3 to 2, the photons interact with the excited
electrons, thus resulting in stimulated emission. Emitted photons are to be fed back
through the gain medium, the active region. For this optical feedback, a Bragg grating
is used. A periodic structure diffracts the light. The angle of diffraction depends on
the wavelength of the photons and the physical dimensions of the grating. QCLs using
this kind of feedback are called distributed feedback QCLs (DFB-QCLs). The grating
dimensions are affected by changes in temperature by thermal expansion. A linear
tuning coefficient of the center wavenumber (inverse wavelength) over the temperature
Ak/AT = 1/(ANAT) characterizes this effect. The QCL is kept at a constant average
temperature by a heat sink to control this temperature.

There are two ways to change the emitted wavelength through temperature.[I7] The
first is by changing the temperature of the heat sink. This is a slow process and is used
to change the average wavelength. The second method is to change the supply current.
By increasing the supplied current, the power is increased, and the temperature of
the grating is changed. The average temperature is still determined by the heat sink
temperature, so the latter works only for a changing current. At a constant heat sink
temperature, a linear tuning coefficient Ak/AP in wavenumber per unit power can be
found through simulation or measurement. In the literature, this is often called injection
current modulation. There is one catch, however. The emitted intensity is also increased
with increasing supply current. Modulating the wavelength thus also yields simultaneous
intensity modulation. An example of the wavelength and output power response of a
DFB-QCL of the type of our interest, is displayed in ﬁgurem [13, p.21-26][14, p.20-23]

1.5 Wavelength modulation spectroscopy

In section direct absorption was discussed. The Lambert-Beer law (equations (|1
and ) was introduced, and the notion of direct absorption was thereby quantified. In
section[I.2] the origin of these absorption features in atoms, and in particular, molecules
was qualitatively explained. The existence of line shapes was explored in section

11
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Figure 7: A graph of the QD4500CM1 center wavenumber and output power over the
supplied current as supplied by Thorlabs is displayed for different temperatures of the
heat sink. [18]

Then in section [.4] the QCL was introduced and the ability to modulate its output
wavelength and intensity was proposed and quantified. This seems enough to measure
absorption due to a gas species. However, as this thesis is concerned with trace gases,
the concentrations, and therefore the absorbances, are tiny. Noise is often larger than
the desired signal. Furthermore, the absorption is just a fraction of the total measured
signal. This section introduces a technique to try to eliminate this problem: wavelength
modulation spectroscopy. By introducing a harmonic component to the wavelength of
the laser light, the signal can be extracted from the noisy environment using lock-in
amplification.

There are many sources of good information on wavelength modulation spectroscopy.
All have their own angle, and so does the next subsection. Before continuing, let me
note some good and popular literature on the technique. A discussion of the technique
with some proper justification of approximations can be found in [I9]. In [20], the
authors present a practical implementation of calibration-free 2f/1f WMS in “harsh
environments”. A more rigorous derivation of the theory can be found in [2I], for
those that want to dig even deeper and look into utilizing higher order harmonics. All
relevant approximations and derivatives will be discussed in the following paragraphs,
taking great inspiration from mostly the first of these sources.

Consider an absorption feature of a gas molecule at a certain center wavelength with a
QCL emitting light in the same wavelength region. As the light beam passes the gas, part
of the light is absorbed, and the resulting intensity is measured. Now the wavelength of
the QCL is modulated using a sine wave. This in turn modulates the wavelength of the
light. Due to the line shape of the absorption feature, this wavelength modulation in
the incident light results in an intensity modulation in the absorbed light. This effect is
illustrated in figure 8] Due to the shape of the absorption line, the absorption is largest
around the center wavelength wy and slowly decays as the laser wavelength deviates
further from it. By positioning the center wavelength of the laser such that wy = wy,
the signal as plotted in the right graph of figure [§]is detected.

12
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Figure 8: In the left panel, the translation from wavelength modulation in the inci-
dent light (horizontal axis) to a modulation in absorption cross-section (vertical axis)
is illustrated. The resulting intensity modulation (and its first and second derivative,
respectively the solid, dashed, and dotted lines) in the detected absorption is plotted in
the right panel. [22, figure 3.7]

1.5.1 Quantitative model of a WMS experiment

Before looking at what can be measured, we will take a look at a theoretic description
of the resulting intensity modulation in the detected signal. By shining a laser light of
a single known wavelength through a gas sample, direct absorption can be measured
by comparing the intensity to the situation in absence of this sample. Changing the
wavelength of the laser light over time allows us to scan an absorption spectrum over a
portion of the EM spectrum of the beam wavelength. If there is one absorption feature
in this part of the EM spectrum, one absorption peak is detected, as can be observed
as a valley on the rising slopes of the last graph in figure [ For high concentrations
and long paths, this could be enough to measure the absorption over time. In the
case of trace gases, the figure is a little exaggerated. Most absorption features for gases
with volumetric concentration in the order of parts-per-million, parts-per-billion, or even
parts-per-trillion, cannot be measured this way due to noise. We therefore modulate the
supply current by superimposing a sine wave of frequency w,,. The resulting injection
current can be quantified by summing the currents

3(t) = Jo + Fscan(t) + Jmod(t) ] (4)

It is important that the rate of change by the modulation is way larger than the rate of
change due to the scan. The current jo+ jscan (t) should be approximately constant with
respect to the timescale of the modulation j,.q(t) for the following theory to apply. The
goal of the scan is to always keep the absorption feature in frame. Due to, for example,
temperature shifts, the wavelength of the laser light could vary, and a steady jo would
not be enough to keep the average laser wavelength at the center wavelength of the
absorption feature. In the following derivations, it is assumed this requirement is met.

The effect of the current modulation is a simultaneous wavelength and intensity modu-
lation (WM and IM). The incident laser intensity Io(t) is modeled by

Io(t) = Iy [1 + g cos (Wt + Y1) + i3 cos (2wt + 1/12)} , (5)

3Using j instead of I or i for electrical currents as not to confuse them with the light intensities.

13
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Figure 9: The injection current of the QCL is a mix of a DC signal jo, a scanning jscan,
and a sine for modulation j,.q.- The result is a wavelength but also intensity modulated
scan. At half a period of the scan, the QCL emits at the frequency of the absorption
feature of the species of interest.

with

Iy the average laser intensity in the timescale of the modulation,

ip and 11 the relative intensity of the linear first order harmonic and its phase
shift with respect to the injection current,

1o and 19 the relative intensity of the nonlinear second order harmonic and its
phase shift with respect to the injection current.

This cosine is chogen instead of the sine to make the calculation of the Fourier series
easier. Note that Iy and wy, are still slowly varying due to the scanning current.

The frequency w(t) is then modeled by
w(t) = wr + Awg, cos (wnt), (6)
with

e wy, the center frequency of the laser light,

e Aw; the modulation amplitude of the laser light due to the injection current
modulation.

Now this incident laser beam of intensity Iy(t) and frequency w(t) passes a single species
gas sample. The frequency of the transmitted beam remains the same, but the intensity
I;(t) changes as follows.

Iy(t) = Io(t) exp (Lo (w(t))n) (7)
= Io(t) exp [ — lo(wr + Awp, cos (wit))n] (8)

Knowledge of the absorption cross-section function o(w) is therefore needed. If the cell
absorbance a = fo(w)n is small, that is, a << 1, the exponent can be simplified using
a first-order Taylor series exp (—a) ~ 1 — a.

I(t) = In(t) [1 — lo(wr 4+ Awp, cos (wmt))n] (9)
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1. INTRODUCTION

If the intensity modulation is small, that is ig,i2 << 1, we also find
I(t) = Ip[1 — lo(wr, + Awp, cos (wint))n]. (10)
This transmitted intensity can then be expressed in terms its harmonics by a Fourier
series as
I(t) = ZAk(wL)cos (kwt). (11)
k=0

With amplitudes for the individual harmonic components for £ > 0 given by

Ay = l/ Iy[1 = lo(wr, + Awy, cos (wpt))n] cos (k6)do (12)
™ —T
= 2hotn / —o(wr, + Awy, cos (wy,t)) cos (k0)d0, (13)
™ Jo

where the fact that cos (k) is even is used, and § = wt is substituted. In the case
that modulation amplitude Aw; << wp, thus the modulation is small compared to
the center wavelength, a Taylor expansion of o(w) around wy, is used to arrive at the
following expression for the integral we call =.

= /07r —o(wy, + Awy, cos (wy,t)) cos (k6)do (14)
= /0 ' {— Nﬁ; (ZSZ . [ A j\‘;fw”N) cos (k&)d@] (15)

The integral can be solved by considering the identity

™ —k _
/ cos (0)™ - cos (k0)do = 270w for N =k
0 0 for N # k,

for k, N € N, which results in

E= / —o(wr + Awg, cos (wnt)) cos (kO)do (16)
0
T = /dNo [Awr, cos (0)]Y
7/0 [ sz:o (5r e ) cos (k&)]d@ (17)
d*o 2 kg
__*9 1
dw* wewy K (18)
Substituting the integral back into equation returns
—21=k ] tn d*o
Ap = ———(Awp)F— 1
k k! ( WL) dwk ooy ( 9)

These harmonic amplitudes Ay are the core result of the WMS technique. They are
useful for detecting species of low absorption as their values are directly proportional
to the present concentration. In the next subsection, these amplitudes will be linked to
practically detectable signals.
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1. INTRODUCTION

1.5.2 Lock-in detection

In the lock-in amplifier, the detected signal proportional to the intensity I;(¢) is multi-
plied by either a sine or a cosine of frequency kw (k € N). The result is two signals X
and Y, which are proportional to respectively the in-phase amplitude and its quadrature
(+90° phase) amplitude. Taking the root of the sum of their squares gives us the total
magnitude of the harmonic amplitude R, which is proportional to amplitudes Ay. If the
signal is completely in phase, that is Y = 0, only X is required. This can be achieved
by tuning ¢,.; on the lock-in amplifier, but is not required, although it simplifies to
mathematics a lot. For the k-th harmonic kf, we find at any time ¢
I I
Xif(t) = ;/ Ii(s) - sin (kws + ¢pef)ds,  Yif(t) = ;/ Ii(s) - cos (kws + ¢pef)ds.
t

- o (20)

Through the Fourier series expansion of I;(t), one can determine that for large 7, thus

averaging the signal over many times the modulation time, Ryf = ,/X,ff + Ysz will
estimate 1V7 Ay, [23], where V7, is the gain of the amplifier [24] chapter 3].

By measuring these harmonic amplitudes X and Y, or just R using a lock-in amplifier,
a link between Aj and present concentration (number density n) can be made, if the
optical path length £ and k-th derivative of the absorption cross-section o(w), which also
depends on temperature T of the sample, are known. Measurement of A at a known
concentration then allows us to find other concentrations using this method.

A while back, we made the assumption that Io(t) ~ Iy. By considering the 2f harmonic
(Asg), the scanning part of the intensity modulation on the incident laser beam can be
rid of, as its contribution will equal zero in and after the second derivative. The effect
of the change of wavelength over the scan is visible, though. In figure [§] the graphs on
the right are of the lock-in measured harmonics R. The solid line is the direct signal,
the dashed line is the 1f signal, and the dotted line is of the 2f signal. In the direct
signal, the effect of the scan is clearly visible. The mean absorption seems to rise over
time due to this. The center wavelength can be found at the time the 1f signal crosses
zero and the 2f signal is minimal. This is the point we are most interested in as only
in this point wyg = wy. In the following, the symbols 1f and 2f are used to refer to the
R values of respectively the 1f and 2f harmonic components as measured by the lock-in
amplifier at the wg = wy, point.

For the k-th, first, and second harmonic, the following expressions are found.

217}4317(]6” k dko-

kf = ka = Gk |Ak| = GkT(AWL) w s (21)
- do

1f = le = G1 |A1| = GlfoénAwL % (22)

w=wr,

Iyl d?

2f = Ryy = Go |As| = Go 04n(AwL)2 di; (23)

w=wr,

These provide a good linear relation of concentration n to the measured signal, as long as
all previously covered conditions are met. Dependence on the temperature and pressure
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1. INTRODUCTION

of the gas is implied by the line shape function of the absorption feature. See section|1.3
for information on this dependence. The proportionality factor is equal to %VL as was
mentioned before. In the following, the electro-optical gain of the system for measuring
the k-th harmonic will be summarized by gain factor Gy, as they may differ between
lock-in amplifiers but will be constant over time.

1.5.3 Intensity modulation

In the previous quantitative model, it was assumed intensity modulation was negligible
(19,42 << 1). Tt turns out that we do need to consider changes to the laser intensity due
to the injection current variations and other effects as to reach higher sensitivities (<
1 ppmv). The superposition of the scanning current onto the injection current implies a
constant change of the intensity of the laser. This effect would be visible in measurement
of the original as a ramp, and of the 1f signal as a non-zero baseline. For higher
harmonics, the measured signals are indeed zero baseline, which makes them ideal to look
at small variations. Still, the intensity Iy might be subject to changes due to modulation
or even over time. Other effects, such as a wavelength dependent gain of the laser, could
also be significant. There are multiply approaches for applying a correction to this [25]:

1. simultaneously measuring incident intensity using a parallel optical path without
the gas sample;

2. finding a Fourier series description of the intensity modulation to express the
incident intensity at wg = wp;

3. finding a relation of the incident intensity using the 1f signal to normalize the
higher harmonics.

The first option does not take into account the losses and fluctuations in the whole optical
path of the primary beam, and is impractical in harsh environments [26]. The second
option would involve measuring the parameters ig, 11, 72 and 5 from equation at
wr, = wp [20]. This usually done by simulation to fit these parameters to a measurement
[27]. Determination of the intensity modulation in WMS using QCLs is thoroughly
discussed in [26]. The last option is a little coarser, but as it covers most effects of
intensity modulation that are harder to cover with the other methods (deflections, stray
absorptions), it is a good option. Our focus will be on this last method.

For optically thin absorptions (a = ¢o(w)n < 0.05), the effect of absorption is negligible
in the 1f signal [26], and it can therefore be used as if it is a direct measurement of the
incident laser intensity (similar to option one above). Equation then gets replaced
by

lf = le ~ Glfo. (24)

The resulting 1f-normalized 2f magnitude then becomes

d*o

dw?

Gold| _ Galn
Gil, G4

2f/1f ~ (Awp)? (25)

wW=wrp,

Characterization of the system by relating 2f/1f proportional to n is now possible.
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1. INTRODUCTION

1.5.4 Large modulation depths

In equation , the assumption of a small modulation regime (Aw;, << wp) is made.
This allows us to look at the k-th harmonic signal as being proportional to the k-th
derivative of the line shape o(w). In practice, however, small modulation results in
too small a signal. By increasing the modulation depth (or modulation index) Awy, to
roughly the width of the absorption feature, better signals are acquired [I9]. For the first
and second harmonics, the proportionality to their respective derivatives still roughly
remains.
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2. EXPERIMENTAL SETUP

2 Experimental setup

For a large part, the setup is taken from [I]. A photo of the full setup is shown in
figure A schematic of the setup is shown in figure[I2] The QCL is a continuous-wave
DFB-QCL (M905I, Maxion Technologies) as described in section The QCL chip and
enclosure can be seen in figure Over the course of the internship, the QCL had to
be repaired, and its characteristics have changed with that. This means that the optical
output power at the desired wavelength (around the R6 transition of CO) has been
reduced from 20 mW to 200 pW. The setup was adapted to this change. Coincidentally,
another lock-in amplifier arrived at the moment the QCL was repaired, thus a change
of setup was no hassle. Finally, the setup was compacted by performing the signal
generation and lock-in amplification in LabVIEW. The initial setup is described in the
first subsection, the adaption to the extra lock-in amplifier and the lower optical power
is discussed in the second subsection, and the final conversion to a wholly LabVIEW
steered setup is described in the third.

Figure 10: The full WMS setup is built on a movable table. On the shelf, all necessary
equipment is installed. The rectangles indicate for which of the three variations of the
setup which devices were used. The cyan rectangle includes everything except for the
second lock-in amplifier, and is for the first setup. The yellow rectangle indicates the
whole stack for the simultaneous 2f/1f measurement. In the third variation, everything
except for the detector amplifier, laser current drive, and laser temperature controller
on the right, and the flow controller in the center, was removed. This is highlighted by
the purple rectangle. On the table in the bottom of the photo, the optical setup is built.
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2. EXPERIMENTAL SETUP

Figure 11: The QCL as used in these experiments is a small M905I chip mounted inside
a laser housing (between the A and K in the photo on the right). The chip is mounted
against a Peltier element to control its temperature. The back of the housing is a large
heat sink. In front of the laser, an adjustable diaphragm with a lens is placed (front
cover on the left).

2.1 Single lock-in amplifier

At a heat sink temperature of 33.0°C and a direct drive current of 450 mA, the laser
emits at a center wavelength of 4.61 pm (the equivalent of wavenumber 2169.2cm™1!).
It is driven by a laser current driver (LDX-3232, ILX Lightwave) that mixes the direct
current with the scanning and modulation signals. The scan is a half duty cycle sawtooth
wave of amplitude 3.72mA (0.82% of the direct current) at 15.4Hz (generated by a
GFG-8015G, GW Instek). The modulation is performed by a sine wave of amplitude
2.40mA (0.53% of the direct current) at 45.0kHz (generated by a 33210A, Agilent).
The current source translates the input voltage to a modulation current with a factor
200 %. Their respective outputs, as well as the mixed signal, are confirmed by an
oscilloscope (TDS 3032B, Tektronix).

Superimposing a scanning current on the injection current of the laser allows us to cover
the absorption feature of interest, the ro-vibrational transition of CO at 2169.50 cm ™!,
as setting the center laser wavelength to exactly the center of the absorption feature is
impossible. The laser chip is mounted in a Peltier element controlled, air cooled housing
(modified LDM-4872, ILX Lightwave). At a supply current of 450 mA and held steady
at 33.0°C by a temperature controller (LDT-5980, ILX Lightwave), the laser outputs

around 20 mW of optical power.

At the output of the laser housing, the beam first passes a collimating aspherical lens
(f = 4mm, NA = 0.56). The beam is then split using a beam splitter (BP145B4,
Thorlabs) that reflects 45% of the beam into the sample cell. The remaining 55 %
passes through and is directed through a reference cell. The reference cell contains a
mixture of 100 ppmv CO and the rest N4 at 100 mbar and is used to locate the absorption
peak in each scan during setup. The pressure is kept low to get a narrow absorption line
shape by decreasing Doppler broadening. The temperature in the lab is always roughly
21°C. After the reference cell, the beam is detected by a photovoltaic detector (PVI-6,
VIGO).

The other part of the beam is directed through a 20 cm long glass absorption gas cell
with 1.5cm radius ZnSe windows placed at Brewster angle with respect to the beam
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Figure 12: The QCL is driven by injection current j(t) as described in equation (4]).
The beam is split and led through a sample cell and a reference cell, after which it is
converted to an electrical signal that is further processed. [, figure 2a]

path. This material and angle maximize transmission of the linearly polarized QCL
beam through the windows. The sample cell has a volume of 35mL. Finally, the
beam is incident onto another photovoltaic detector (PVI-4TE-5, VIGO). This is a MIR
thermo-electrically cooled single-point photodetector. As this detector is quite sensitive,
the signal does not need to be focused. The total reduction of intensity from the output
of the laser to the detectors was around 60% for both the reference and the sample
paths, taking the beam splitter into account.

The sample detector signal is fed into the lock-in amplifier (SR830, Stanford Research
Systems) to detect either the 1f or 2f harmonics. The time constant on the lock-in
amplifier is set to 10 s with a steep filter slope of 24dB. This reduces oscillation in
the signal without flattening the peaks. A parallel feed of the trigger signal of the sine
wave generator is fed into the lock-in amplifier to synchronize the frequency. The phase
between the generated sine and the detected signal can differ. A correction can be set on
the lock-in to maximize the in-phase X signal, or just ignored if the total magnitude R
is measured. When possible, the phase was corrected in these experiments. The lock-in
simultaneously measured the in-phase X signal and its quadrature Y, thus it can output
R =+X?2+Y?2 In these experiments, the signal was tuned in-phase and the X output
was measured.

In order to monitor the outputs, an oscilloscope (again a Tektronix TDS 3032B) is con-
nected to the outputs of the oscilloscope and the trigger of the scanning wave generator.
If all is right, a signal like in figure [§ (and in the results in figure is seen (although
probably a little less smooth).

Along with a triggering signal of the scanning signal, the 1f and 2f signals are connected
to a DAQ interface (NI USB-6009, National Instruments). A self made LabVIEW
program (see appendix [A)) collects the data at a sampling rate of 16kHz. The data is
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written to a plain text file to allow easy processing with other tools. The data acquisition
rate is approximately 2 GB/h. The trigger signal is used to split the data into scans of
the absorption feature. For each of these scans, the values of the 2f and 1f signals at
wo = wy, are found, that is the maximum peak height of the 2f signal and the 1f value
at the same point in time.

2.2 Double lock-in amplifiers

After the repair of the laser, the optical power was reduced. At a temperature of 33.0 °C,
driven by a direct drive current of 433.4 mA, the desired wavelength is reached. In order
to still get good signal, the modulation depth was increased by doubling the amplitude
of the sine to 9.6 mA (2.2 % of the direct current). As the optical power was reduced by a
factor 100, the optical path was revised. After focusing by the lens in the laser housing,
the beam is directed through the sample gas cell and directly incident onto the detector
(PVI-4TE-5, VIGO). The signal is split to two lock-in amplifiers, one for extracting the
1f signal (SR844, Stanford Research Systems) and the other for the 2f signal (SR830).
The data is acquired using the same LabVIEW program and DAQ interface as before.
The location of the absorption feature can still be monitored by watching the 1f and 2f
signals on the oscilloscope.

In the sample cell, a mixture of 100 ppmv of CO (remainder N,) was kept at a steady
pressure of 100 mbar by a pressure controller (EL-PRESS/EL-FLOW Prestige, Bronkhorst).

2.3 Measuring from LabVIEW

To enable easier data acquisition and reduction of needed devices, thus increasing porta-
bility and reproducibility, a new program was written in LabVIEW (by Ningwu Liu).
The scanning and modulating signals are generated from the program, and output via
the DAQ interface to the laser current driver. The raw signal from the photovoltaic de-
tector is connected directly to the DAQ interface and input to the program. By using a
higher sample rate DAQ (BNC-2110 connected to a PCle-6341, National Instruments),
these high frequencies can still be detected. The generated modulation signal was used
as a reference to demodulate the input. The signal generator, lock-in amplifiers, and
oscilloscopes were eventually removed from the setup. Monitoring, measuring, and some
of the processing is now done in LabVIEW.
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3 Results

3.1 Single lock-in amplifier stability

The first set of results comes from the initial setup as described in subsection [2.1
Example scans of the CO R6 transition are plotted in figure These scans were
performed with a full-duty sawtooth scan (i.e. symmetry in upwards and downwards
slope). The absorption feature of interest lies near the edge of the scan, so not the
whole shapes are visible, unfortunately. The 2f and 1f shapes are proportional to the
second and first derivatives of the line shapes as expected. Comparing them to figure
the 2f signal seems flipped, thus the measured X signal was 180° out of phase with the
reference. Although measurements of both the 2f and 1f signals were performed, they
are incomparable as they were taken hours apart. Drift in the initial laser intensity Iy
is expected.

As the modulation depth was shallow, there is no significant offset in the 1f signal: the
average seems to be zero. This means that the initial derivation of small modulation
amplitude seems to hold.

For detecting the concentration of CO, most interest lies in peak values per scan. As
simultaneous measurement of 1f and 2f signals was not possible at the time, we can
take a look at the stability of the peak signal levels. A long measurement of the 1f
and 2f signals (over two hours) was performed at a scanning frequency of 1.6 Hz. The
minima and maxima are extracted. In figure an Allan-Werle plot of these minima
and maxima for the 1f and 2f scans is displayed. For increasing averaging time 7 on
the horizontal axis, the data is split into groups of length 7, thus in groups of 1.67
samples. The average is taken for each group, and the mean deviation from this average
is determined as o,. Initially, as is expected, longer 7 results in a smaller deviation. The
decrease is mostly due to reduction of white noise and follows a line of slope 771/2 line.
During this decrease, the environmental conditions might change, and causes a drift in
the measurements. The laser intensity might change due to changes in lab temperature,
for example. This results in an increase of the Allan deviation. After a certain 7, a

W)
um

~—— 1f sample voltage from lock-in ~—— 2f sample voltage from lock-in

0.0 0.1 0.2 03 0.4 05 0.6 0.0 0.1 0.2 0.3 0.4 05 0.6
t(s) t(s)

Figure 13: With a modulation frequency of 45.0kHz and a full-duty sawtooth scan
of 15.4Hz, the lock-in amplifier outputs X values for the 1f and 2f signal similar to
these two example scans. The coincidence of wy = wy, is located around t = 0.05s and
t = 0.65s. Do note that the scans are made some hours apart, and that normalization
of the 2f signal by this 1f signal is therefore baseless.
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Figure 14: By collecting the 1f and 2f measurements of long measurement sets, and
averaging them in increasingly larger groups, the displayed Allen-Werle deviation plots
are produced. It is quite clear that averaging over 100s is optimal: flicker noise is
reduced while minimizing drift. The measurements are of 100 ppmv of CO (remainder
N,) at 100 mbar in a cell of length ¢ = 10 cm.

minimum in the deviation is found. This is usually the optimal length of measurement.
In our case, this is around 100s. The 1% minimal deviation from figure implies a
detection limit of around 1 ppmv.

3.2 Simultaneous 2f and 1f measurement
3.2.1 2f/1f WMS using two lock-in amplifiers

Now the setup is built according to subsection The 2f and 1f signals are measured
simultaneously. The cell contains 100 ppmv of CO at 100 mbar. To get optimal signal
level, the modulation amplitude was doubled with respect to the initial setup. This
value was determined by monitoring the 2f peak height while varying the modulation
amplitude. The result can be seen in figure It was decided to go with the maximum
at 18 mV as to maximize the signal to noise ratio.

A measurement of half an hour at a scanning frequency of 7.45 Hz was taken, resulting
in the measurement of 16786 scans of the absorption feature. An example scan of the
1f and 2f signals, and the 2f normalized 1f signal, is displayed in figure Taking the
average of all the scans results in figure A phase shift of the 2f peak location and
the 1f equilibrium crossing was observed in the measurement, as well as an offset in
the 1f signal. The phase shift was due to the measurement of out of phase X values
instead of R, and is corrected for. The small modulation approximation does not hold
anymore. As was predicted, the offset is due to the small effect of absorption onto the
1f signal. This fact thus allows us to normalize the 2f. Afterwards, for every scan of the
absorption feature, the 2f peaks are extracted, as well as the 1f values at these points in
time. Their ratio is taken for all these values, and another Allan-Werle plot is produced
(figure . The optimal measuring time seems to be 100s. The mean absolute ratio of
2f/1f peak values is 2.27, thus the relative minimal deviation is 0.44 %. Before this can
be expressed in terms of deviation of concentration measurement, a calibration has to
be performed. This is left for the last setup change. Assuming a linear relation to the
concentration, however, an indication of a detection limit around 0.44 ppmv is implied.
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Figure 15: By increasing the modulation amplitude, a larger harmonic effect is achieved.
The 2f peak height increases initially, but as the wavelength amplitude gets larger than
the width of the absorption feature, the 2f peak decreases again. A maximum at 18 mV
was found.
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Figure 16: The 1f and 2f measurements of one scan of the absorption feature is shown.
The phase difference between the 1f and 2f is corrected, and the 1f-normalized 2f is
shown in the subplot below. The value of interest, is the value of the 2f/1f signal at the
2f minimum location.

25



3. RESULTS

4 _% .
21
s :
= >y 3
S 0 5
ol I s
— 2f 5
_gq] —-- 2faf £
1.0- i
i £
1y ]
0.5 A ~ 0l k]
AYEE \ 3
IN "’I ‘l, ‘ S~
0.0 ~rTEETEEEEETEEET bbbt
0.00 0.02 0.04 0.06 0.08 0.10 0.12
t (s)

Figure 17: For the same measurement as in figure the 1f-normalized 2f graph is
calculated after averaging all scans. A height change of the middle 2f/1f peak with
respect to the sample scan is observed.
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Figure 18: By taking the 2{/1f values at the 2f minimum location, the plotted Allan
deviations are found.
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Figure 19: Using a scanning frequency of 0.04 Hz, averaging all 23 scans results in the
plotted graph. The drift in signal smears out the 1f and 2f shapes.

3.2.2 2f/1f WMS from LabVIEW

Now the setup was compacted as was described in subsection Another measurement
at a slow scan frequency of 0.04 Hz was taken to illustrate the effect of drifts. The sample
cell contained 100 mbar of 100 ppmv CO. The resulting average scan after almost ten
minutes of measuring is displayed in figure [I[9] The Allan-Werle plots are omitted, as
they are just rising lines.

Then the scanning frequency was changed to 100 Hz. This seemed slow enough to get a
good resolution of the scan, and fast enough to measure no observable drift in the scan.
A calibration of the setup was performed. A set of measurements of different concen-
trations of CO was done by dynamically mixing pure Ny and 100 ppmv CO with two
flow controllers. The result is displayed in figure Although it is small, a background
signal is observed as the intersect is not perfectly at the origin. This is probably due to
CO absorption outside of the sample cell, electronic or optic impurities, or other small
sources of EM radiation. A linear regression does result in a good fit (R = 0.9990). Now
the setup is fully calibrated to measure CO concentrations.

To further support the hypothesis of a proportional relation of 2f/1f signal to the con-
centration independent of the initial laser intensity, a neutral density gradient filter was
introduced to the beam path, thus reducing Iy by a constant factor. The result was
a non-altering magnitude of 2f/1f signal, although the lower signal made noise more
problematic.

Lastly, the detected limit was determined. A 25min long measurement of the 2f/1f
values of a concentration of 20 ppmv was performed. Using the calibration line, the
measured concentrations were determined. An Allan-Werle plot of these measurements
is displayed in figure 21} There is a clear minimum in deviation at 100s, giving a
detection limit of around 20 ppbv. This is nearly on par with the previously found limit
for the equivalent system (7 ppbv [1]).
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Figure 20: The system was calibrated by dynamically mixing Ny and 100 ppmv CO. The
error in adjustment of the flow was found as 1% of the full scale of the flow controllers
(5Lh~1), thus the relative error increases with lower flows. The error in measured 2f/1f
signal is drawn, but very small.

100 4~

1071 ~

&
dataset 2021-06-11_long_time_detection

1072 A \\'

1072 107! 10° 10t 102 103
averaging time T (s)

Allan deviation of CO concentration o; (ppmv)
£

Figure 21: The Allan deviation minimum matches the previous results. It is found after
100s of averaging and yields a detection limit of 20 ppbv.
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4 Conclusion and outlook

During the internship, many different variations on the WMS setup were seen. The
theory was tested and characteristics of the systems were described.

The theoretically predicted response of the 1f and 2f signals (equation ) seems to
hold for shallow modulation depths. The shapes of the harmonic amplitudes show a
response linear to the derivatives of the line shape function. By taking a look at the
stability of the harmonic amplitudes at the coincidence of the laser wavelength with
the center of the absorption feature, a minimum in deviation is established after 100s.
For large modulation depths, however, the effect of the absorption on the 1f shape was
negligible, and the signal could be used for normalization of the 2f signal. This yields a
system that can withstand variation in intensity due to absorption, deflection, intensity
modulation, and other effects. The trade-off between minimizing drift and maximizing
time resolution in the scan was explored, and an optimum in the range of 10 Hz to 100 Hz
is found. The effect of interference of the harmonics of 50 Hz due to power supplies was
only observed in the discrete lock-in amplifiers setup: the LabVIEW based setup seemed
to reject this noise.

Finally, after calibration of the LabVIEW setup, a detection limit of 20 ppbv CO was
achieved from a sample of 20 ppmv CO at 100 mbar. This is better than the estimated
detection limit of the dual lock-in setup of around 0.44 ppmv. The stability remained the
same, with an optimum after 100s. This detection limit is enough for medical application
(measurement of eCO of 1ppmv to 5ppmv). It can also be used for measurement in
harsh conditions, like for monitoring CO after an electrical discharge (in plasma state).
It is close to the detection limit found by the previous experiments performed in the
Trace Gas Research group (7 ppbv [I]). The detection limit might be improved upon by
taking into account the intensity modulation via a simulation fit (as was discussed in

paragraph .

The choice between using the discrete hardware (lock-in amplifiers and signal generators)
and doing all generation and processing in software depends on the situation. The
discrete hardware can be more insightful to use, and is a good setup to learn from.
The continuous resolution or high sample rates of modern discrete devices minimizes
distortion. It is, however, a bit bulky and expensive to use all this hardware. Moreover,
the long signal paths and combination of devices introduce more noise.

The LabVIEW setup has other benefits and problems. At lower resolution and low sam-
ple rates, distortion is introduced to the software generated signals. In data acquisition,
higher harmonics may be undetectable if the sampling rate is too low. If the resolution is
too coarse, small fluctuations in the harmonics are lost. The weakest link in the software
approach is therefore the DAQ interface. Processing power will not be the bottleneck,
nowadays. Having the signal generation and data processing both in software does al-
low for easy locking into the measured signal, and ease of use of the setup. Feedback to
keep the absorption feature stable in frame is easier in this approach. I would therefore
recommend going this route for practical use of WMS.

A look into the future of the technique gives two paths. The first might be further
improving the sensitivity of the setup. This could for example be done by increasing the
optical path length or initial laser intensity. The second is improving the accessibility
and portability of the technique, which is already being explored by others [28§].
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A. LABVIEW

A LabVIEW

The data acquisition in the hardware based setup was performed using a LabVIEW
program. In the following figures (figures [22| and , the program schematic is shown.

The fully software driven setup is made by someone else, Ningwu Liu, and is therefore
not shown. It applies the same principles as the lock-in amplifiers and generates the
modulation and scanning signals.

DAQ settings

Data file settings | error out file

status  code

2f input Min Voltage 1 (V) Max Voltage 1 (V) | o
Fsroio I — N | -

~
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Settings

Size of data buffer LETN ]
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Figure 22: The settings for the measurement are put in on the front panel. This is also
the place for online displaying of data.
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in the block diagram. On the left, the setup for the DAQ interface is done. Above that,
the settings and file name are handled. On the right, the measurement loop is displayed.

Figure 23: The LabVIEW program is programmed graphically by combining components
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