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Abstract

This thesis represents an ongoing research project in which absorption masks were used to
reduce scattering in a Herriott multipass cell in a Wavelength Modulation Spectroscopy
(WMS) system. To that end, this thesis presents some of the following steps to success-
fully see a scattering reduction in the absorption spectrum. It is organized in a few chap-
ters and sets up a stage for the different methods implemented to tackle the scattering is-
sue. This thesis, then, embarks on a discussion of the numerical method used for approxi-
mation. A discussion of various techniques used to simulate and design masks follows. The
implementation of the mask in the experimental system is also analyzed. Finally, this the-
sis concludes with recommendations and the following steps to see a significant decrease in

scattering in the optical cell.
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Chapter 1

Introduction

This thesis is about increasing sensitivity in gas detection using a laser spectroscopy tech-
nique, wavelength modulation spectroscopy. Spectroscopy is the study of the interaction of
light and matter, and it’s widely used for detecting and quantifying species’ concentrations
in sensitive gas detection in industry and research. Gas sensing is essential because hu-
mans are surrounded by various types of gases in the environment or industrial processes.
Some gases can be dangerous, so monitoring their concentration precisely is necessary. For
example, carbon monoxide detectors warn early about gas leakage or a potential fire [1].
Spectroscopy monitors environmental gases such as carbon dioxide, nitrous oxide, and
trace gases. Precisely measuring the concentration of these gases is essential for evalu-
ating ecological conditions and executing effective countermeasures to mitigate their im-
pact. For instance, methane, a potent greenhouse gas, contributes significantly to climate
change, even at low atmospheric concentrations. Therefore, its precise detection and real-
time measurements are important to understanding its role in the environment and mak-
ing strategies to reduce its content [2].

Laser-based spectroscopy is widely used because it provides high sensitivity and real-time
and remote measurements. Consequently, it is also utilized for real-time detection of pol-
lutants from factories, monitoring oxygen concentration in breath or its content in marine

ecosystems, combustion analysis in cars, etc. [3]. Some broader topics include applications,
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for example, determining tissue structure in the biomedical sciences sector and astronomy,
where it’s used to study the physical properties of celestial objects [4].

While many of these detections rely on equipment based on the principles of non-dispersion
infrared spectroscopy; however, those techniques are not calibration-free and require bet-
ter sensitivity [1]. Wavelength modulation spectroscopy emerges as a valuable alternative
technique, leveraging tunable diode laser sources since the early 1970s to increase sensitiv-
ity [5]. It provides long-term stability and self-monitoring and has been used for trace gas
detection in environmental and industrial applications [6] [7]. All these characteristics have
made WMS a versatile technique and used for various gases with detection limits in the
ppb-m or ppm-m. Continuous research efforts are underway to improve both the hardware
and measurement aspects of WMS, promising its refinement and use in various fields.
Furthermore, researchers often employ a multipass cell in WMS experiments for trace
gases, such as a Herriott multipass cell named after Doland R. Herriott [8], in WMS sys-
tems. The optical cell facilitates a long interaction distance with the gas sample and the
laser light while keeping the system’s distance reasonable [9]. This cell is used in a WMS
optomechanical setup to increase the effect of a weak or low-concentrated gas. In cases
where the gas’s signal is too weak to observe in one pass but in > 10 passes, the signal-
to-noise ratio is much better [9]. Observing the spectra of gases with low concentrations
poses a challenge. Any additional optical interference will likely decrease the signal-to-
noise ratio, thereby impacting the accuracy and sensitivity of the measurement. While
the amount of scattering or interference within the cell may be minimal, it’s crucial to
acknowledge that even a slight optical interference can substantially impact the signal.
Therefore, to ensure accuracy and sensitivity in the technique, we have designed masks

to suppress optical fringes in the cell. Assumed reasons for scattering will be discussed

in Chapter 2. To reduce scattering in the cell, we created masks in MATLAB and FRED

software for simulations and tested them experimentally.
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Chapter 2

Wavelength Modulation Spectroscopy

Wavelength modulation spectroscopy (WMS) is a well-known and refined technique for
sensitive and accurate gas sensing measurements. WMS offers enhanced selectivity in de-
tecting trace gases, efficient noise suppression, specifically reduces the to 1/f noise, elim-
inates the laser amplitude modulation in the data, and can operate over a wide range of
gas concentrations [1]. WMS capitalized on subtle gas concentration variations by modu-
lating the laser wavelength, enhancing sensitivity and precision.

Despite its advantages, WMS’s absorption measurements are susceptible to optical inter-
ference from within the optical cell. The scattering rays from the cell can interfere with
the signals, potentially affecting the accuracy of the measurements. It’s crucial to mini-
mize the scattering, and Hong Chang has done it by using a mask along the surface of a
toroidal absorption cell [10]. Our experiment used a Herriott multipass cell and designed

masks to mitigate scattering.

2.0.1 Spectroscopic Modeling

We used a 763 nm vertical cavity surface emitting laser (VCSEL), which is tunable over
10 oxygen absorption lines. We targeted a couple of these lines to perform sensitive oxy-

gen spectroscopy. The laser’s wavelength can be adjusted by its temperature and current.
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However, temperature tuning is directly due to self-heating. The laser is mounted on a
thermoelectric cooler, enabling adjustments of temperature from 10 °C' to 40 °C'. Tem-
perature is monitored by an in-built thermistor with its resistance value in k€). There’s a
direct correlation between the thermistor’s resistance and the laser temperature. The con-
version formula for thermistor resistance R (Ohm) to laser temperature T (Kelvin) is given
by [11]:

T =(Ty " +In(R/Ro)/B)" (2.1)

where Ry represents the resistance of the thermistor at reference temperature Ty (often Tj
=298.15K and Ry=10k€2) and f a specific constant (for this lab, f = 3892) [13]. Since we
will only be tuning the laser current, we won’t consider temperature tuning of the laser

and will assume that 7" = 296 K.

2.0.2 Molecluar Lineshape Background

Beer-Lambert law can be used to describe the transmission of a gas,

T(v)=e WL~ 1 - a(v)L, for low absorbance oL (2.2)

where a(v) is the absorption coefficient (unit ), L is the optical path length (unit m)
which is the length of light-gas interaction, and v is the light’s wavenumber (unit cm™!)
[12].

The absorption coefficient, a(v), is given by;

a(v) = 5 capx(v) (2.3)

where S’ is the gas line strength (cm™2atm), c,¢ is the absorbers’ relative concentration, p
is the gas pressure (atm), and y(v) is the area-normalized absorption lineshape function.

Spectral lines in absorption spectra are neither inherently monochromatic nor precisely
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"sharp”. This is due to the finite lifetime of the states and the principle of energy uncer-
tainty. These characteristics produce a broadening in absorption lines.

Moreover, due to molecular transitions, absorption occurs at a range of wavelengths and is
dependent upon factors such as temperature and pressure. The lineshape function is uti-
lized to mathematically depict this absorption distribution around the central frequency of
the transition [13]. Three common lineshape models used in WMS are Gaussian, Lorentzian,

and Voigt profiles [14].

Gaussian Model

The Gaussian lineshape is utilized to describe thermal motion in gas molecules resulting in
Doppler broadening. The molecules undergo the Doppler effect which causes the spectral
lines to broaden. When molecules possess a velocity component aligned with the propaga-
tion direction of the incident light, their absorption frequency undergoes a minor change
[13]. Therefore, these molecules don’t absorb at the frequency vy but at a modified fre-
quency vo(1 +v,/c), where c is the speed of light (m/s). In mathematical terms, the Gaus-
sian form is given by;

ve(va) = 4ln(2) 1 exp{ —4ln(2)yd} (2.4)

T O0vp ov?

where dvp is the Doppler width of the Gaussian profile (cm™') and vp is the laser fre-

quency detuning (¢cm™'). The Doppler width of a spectral line is given by:

/T
Svp = 7.162 x 10 ", 7 (2.5)

where v is the frequency of an atom at rest, T' is the temperature (K) and M is the molar

mass of the gas (g/mol) [14].

14



Lorentzian Model

In contrast, the Lorentzian lineshape is useful when atoms or molecules undergo collisions
that alter the energy levels of the involved absorbers, resulting in pressure broadening.
This occurs in dense environments with high pressure hence, increasing the likelihood of
collisions. As a result, this causes homogeneous broadening of the absorption profile and
leads to the form of Lorentzian lineshape, written as;

1 (SVL/2

XL(Vd) - ; (Vd)2 + ((SVL/2)2

(2.6)

where dvy, is the broadened full-width-half-maximum lineswidth of the model (em™") [14].

The pressure-broadened FWHM linewidth is given as such;

where v; represents the pressure broadening coefficient (em™!/atm) for i species, and p; is

its partial pressure (atm).

Voigt Model

The Voigt lineshape is a comprehensive model combining both Gaussian and Lorentzian
lineshapes. It’s used in experiments where various broadening mechanisms have affected
the spectral lines. Unlike Gaussian and Lorentzian models, the Voigt profile cannot be
computed analytically. It needs numerical modeling but for simplicity, it can be expressed

as a convolution of both models;

V(z) = /OO G(2') - L(x — 2')da’ (2.8)

where G(x’) is the Gaussian profile, and L(x) is the Lorentzian profile [15].

Understanding these different lineshapes is crucial for the precise characterization of spec-
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tral features in WMS. The model directly affects the accuracy and sensitivity of the mea-
surements. The Voigt lineshape emerges as a useful profile as it combines the effects of

Doppler and pressure broadening, which are common in real-world environments.

Lock-In Detection

Lock-in detectors extract weak signals from noisy backgrounds. It operates by modulat-
ing the signal of interest with a reference signal at a known frequency, we used a sinusoidal
waveform. The modulated signal then passes through a narrow-bandwidth filter, which
only amplifies the signal’s parts corresponding to the modulation frequency. It can reject
noise at frequencies other than the reference frequencies. It offers high sensitivity and se-
lective detection for environmental monitoring and biological sensing [16]. Lock-in amplifi-
cation is a synchronous homodyne detection that mixes the signal of interest, a(t), and the

reference signal, b(t), as such;

a(t) = Asin(wt + ¢) (2.9)

b(t) = Bsin(vyt + «) (2.10)

By using a multiplicative trigonometric identity and matching the phase and frequency

(w =", ¢ = «) of the signal:

a(t) xb(t) = AB %(cos[(wt + ¢) + (vt + )] + cos|[(wt + ¢) — (vt + «)]) (2.11)

= AB%(COS(QU}t +2¢) + 1) (2.12)

Then, the signal is passed through a low pass filter to get a DC signal with an amplitude

of 48 [12].
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2.0.3 Gas Cell

A Herriott multipass cell was used to increase the optical path length and the sensitivity
of the detection of trace gases. It is often used in laser spectroscopy to improve absorption
in a system. It comprises two gold-plated resonators between which the laser beam goes
through multiple reflections as it oscillates back and forth [8]. This enhances the interac-
tion time between the light and gas molecules. The 100 cm focal length mirrors have acen-
tric holes where light enters through one end and exits through either the same hole or
from a hole through another mirror. A path length of 3.4 m was chosen, which resulted in
21 total passes. The increased path length ensures better absorption and a higher signal-

to-noise ratio.

: Optlcal 0015 Exit hole
| Axis

on th 2"y mirror

Input hole

1 L s - L )
A Dﬂ?ms a0 00 1 000 o [l

Beam

el

Figure 2.1: (Left) Diagram depicting beam coupling and coordinate axis of the Herriott
type multi-pass cell. (Right upper) A simulated laser beam’s spot pattern on a 3.6 m
optical cell mirror is shown. (Right lower) Photograph of a mirror shown [12]

By changing the spacing between the mirrors and the incident angles of the beam, we can
change the number of passes we observe on the mirrors. So, by allowing light to travel
multiple times in the cell, we can increase the absorption length, hence increasing the sig-
nal we measure. The beam doesn’t enter at 90 ° to the mirror; instead, it enters at some

angle shifted in the x and y direction for it to have a circular pattern. Figure 2.1 shows a
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schematic of the cell on the left, where light enters the cell through the input hole. On the
right, we have a simulated image of the combined spot patterns on a mirror and a pho-

tographed picture of a 3.6 m cell.

2.0.4 Experimental Method

Set-Up

The setup for our WMS system is shown in Figure 2.2. The WMS system consisted of a
laser, a current and temperature controller, a signal generator, an optical instrument for
light interaction with gas (Herriott multipass cell), a photodetector, a lock-in amplifier, a

30 dB attenuator, and tuning mirrors. A 763 nm tunable VCSEI was used to illuminate

the cell.

Ext l—l
Add 30dB

Function Att Lock-in
generator amplifier
Tektronix SRB30
cm| ch2 Trig A X | Ref
2 @]
w
ext | < O,
72
A EX=]
N ERA
Ctlin |Mon Mon [ R
4 T
Current Temperature @
controller controller
LDC200CV TED200C
MPC
=10
763 nm VCSEL Photodiode

(AVAP-T605M)

Figure 2.2: General schematic of a WMS system. The following pieces of instruments are
used in the figure: function generator, temperature controller, laser current controller,
oscilloscope, lock-in-amplifier, photodiode, multipass cell (MPC), and 30 dB attenuator

12].

A ramp and high-frequency sinusoidal modulation are superimposed on the laser injection
current to implement WMS. Detection frequencies as low as 20 kH z are often sufficient to

be out of the 1/f noise regime [1]. This current modulation, ramp, produces a modulation
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of the laser wavelength since the wavelength is tuned by changing the current. Then, the
laser is transmitted through the multipass cell, and a detector measures that signal. The
lock-in amplifier uses the sine modulation’s frequency to demodulate the detector signal
into its harmonic components. To obtain the second-harmonic spectrum, the intensity at
2f is divided by the intensity at DC, so the effect of the laser amplitude is removed. Al-
though there can be noise from certain pieces of equipment, the Herriott multipass cell is
the potential source of optical interference, as we will see in Chapter 2. The fringe noise

lowers the signal-to-noise ratio and decreases the detection sensitivity.

2.1 Optical Interference Noise in WMS Measurements

The Herriott multipass cell is based on the characteristics of a Fabry-Perot interferometer.
Light undergoes multiple reflections between two highly reflective but partially transmis-
sive mirrors in a Fabry-Perot interferometer, leading to interference phenomena [17]. As
shown in Figure 2.3, light enters through one surface and exits through the other, and the
reflected beams allow only selected rays to exit, which occurs due to interference. The rays
have traveled different optical paths, which, when combined, lead to interference fringes
on the detector. These fringes occur due to constructive and destructive light interference

within the cavity.

Semitransparent mirrors

(
Fabry-Pérot
fringes

Lens

Figure 2.3: Fabry-Perot Interferometer, using a pair of highly reflective, semi-transparent
mirrors

Similar to a Fabry Perot interferometer, a Herriott cell utilizes the concept of multiple re-

flections and interference fringes. Fringes can be produced from various sources such as the
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lock-in amplifier or the laser [18], and partially reflective mirrors that have multiple passes.
However, in our system, we suspect fringes to exist in the cell. Essentially, light has two
paths to the detector where. One is the laser beam, and the other is from the scattered
light. Figure 2.4(a) shows fringes appearing in the data in the zoomed region. This peri-
odic nature of fringes is a drawback of WMS system measurements. It’s essential also to
mention that the cell is open to air, and the mirrors are gold-plated. Gold is a relatively
softer metal used for mirror plating compared to aluminum and or silver [19]. Therefore,
gold-plated mirrors are more sensitive, require more careful handling, and are more likely
to collect dust. These dust particles scatter light in all directions, and those rays’ inter-
ference produces fringes. Additionally, the interference of overlapping laser beams on the
mirrors’ surfaces is impossible to avoid altogether [9].

To suppress this optical fringe effect, we propose making an absorption mask and placing

it in the cell to reduce the scattered light reaching the detector.

‘ m-w/\/ e
o
Oxygen ——
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c [ 107
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Figure 2.4: Second harmonic signal of Oy in ambient air. Spectra were averaged 100 times
over 10 s [20].
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2.2 Multi-Pass Cell Simulations

2.2.1 Numerical Simulations of Multi-Pass Cell using MATLAB

Understanding how the beam propagates within the cell is paramount in designing a mask.
Utilizing MATLAB code developed by Jonas Westberg and Michael Soskind, we estimated
the entry beam angles in the x and y planes. This theoretical model also produced ex-
pected beam locations on the two mirror surfaces. It’s important to note that the beam
doesn’t enter the cell perpendicular to the mirrors in the cell. Instead, the beam must
meet specific angles to satisfy the re-entrant condition Equ.(2.13). Aligning the beam
within the cell requires an initial estimate of its path, achieving the ultimate goal of ob-
taining a circular spot pattern. The calculations are based on the re-entrant condition
Equ.(2.13), which dictates that the product of total reflections (N) and the angle between
successive reflections (#) must be an integer multiple of 27 to exit the Herriott cell [8]. We
estimated the incident angles at the beam that should enter the cell to start the alignment
process. With the chosen length of the cell, we have 21 passes in total, as shown in Figure
2.5. On the right is the plot with even passes, including the entrance one, and the left plot

has all the odd passes.

NO=2xM, M=1,23 (2.13)

This numerical method was a good first-order approximation as it gives us a rough esti-

mate of what to expect when we run the simulations with the specific parameters.

2.2.2 Ray Tracing Software

FRED is photon engineering software for ray tracing and designing optomechanical sys-
tems. It was used to simulate and design the mask in the optical cell. The incident angles

and cell length provided by the MATLAB code were used to trace the beam’s path and
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Figure 2.5: Spot positions for front and back mirrors using MATLAB. (Right) even spot
patterns, including the first pass into the cell. (Left) There are odd spots with the 21st
pass as the last pass.

design the Herriott cell.

FRED was used to simulate and design the optomechanical WMS system intricately. Pre-
cision in light propagation was achieved through iterative simulations and analyses within
the FRED environment, and the overall system’s optimal performance was ensured. This
systematic use of FRED expedited the design process and showed the robustness and effi-
ciency of the final optomechanical solution in simulations. Figure 2.6 shows the ray tracing
simulation between two gold-plated, spherical mirrors in FRED. The spot pattern is cre-
ated on the mirrors’ surfaces and captured on an analysis plane. The software has various
light sources to choose from, and we decided a coherent laser beam with its starting point
outside of the front mirror.

An analysis plane was placed on the surface of the back mirror to get the spot pattern.
However, a FRED script was equipped to get the total intensity plot of the spot pattern
of the beam on the mirror surfaces. FRED’s scripting language uses WinWrap, which is
based on Visual Basic and is used to automate iterative ray tracing and model creation
process [21]. The script iterates through each spot by adding up the intensity and pro-
duces a plot of the total intensity of the beam on the analysis plane. Figure 2.7 shows the

spot pattern captured on the analysis plane when the script was run.
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Figure 2.6: Ray tracing of a laser beam in FRED. There are a total of 21 passes within
the cell.

Figure 2.7: Spot pattern on the back mirror using FRED script.

The script was built to verify the MATLAB results and visualize the different spot sizes by

adding the irradiance after each pass.

2.3 Suppressing Scattering in Herriott Multipass Cell

2.3.1 Simulating Scattering

This project aimed to suppress scattering within the optical cell, more specifically, to min-
imize the contribution of light from one spot to other spots. We simulated the impact of
scattering using the FRED software to evaluate the effect of scattering. Rays intended for

their designated spot positions on the mirrors are experiencing interference from scattered
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light, which is undesirable. Point sources were utilized as proxies for scattering sources. As
shown in Figure 2.8, diffused light emanates in multiple directions, resembling scattered
light, and has a wider angular cone than direct light. This is similar to when light rays hit
dust particles. Figure 2.8 illustrates the difference between diffused reflection, scattered

light, and specular reflection.

Diffuse reflection

Incident light Specular reflection

surface
Figure 2.8: This figure shows the difference between diffuse and specular reflections. When
the rays hit dust particles or irregularities on the mirrors, light is scattered in all directions
[22].
A point source was placed on one of the mirror surfaces at each of the spot positions to
mimic scattering from each spot. Figure 2.9 shows the front mirror with point sources.

There’s a source at the entrance spot because the first pass can also create interference

with the laser beam after multiple passes.

Figure 2.9: Point sources are located on the mirror corresponding to the spots’ positions.
Each point source is positioned at the center of the red squares. It’s worth noting that the
red squares indicate the selection of point sources clicking.

Figure 2.10 shows one point source turned on, and we can see the conical shape of light.

Two assumptions were made: an analysis plane was placed in front of the other mirror
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Figure 2.10: One of the point sources is turned on to see how it casts light uniformly and
in all directions. The point source exhibits specific characteristics, including an angular
spread cone of 20° and 500 angular zones over the angular spread.

that calculated the irradiance (intensity/area) for all the rays, and the point sources were
halted after 1 pass. To minimize scattered light, we want to design masks in the system to

model the effects of interference on a plane.

2.4 Mask Design and Optimization

2.4.1 Design of a Mask Pattern and Placement

Using the results from the Matlab code, we approximated the location of holes on a mask,
depending on where it is placed along the cell’s trajectory. It’s important to show how the
holes were created. Figure 2.11 shows how the hole is made on the piece of material along
the cell’s length. A hole is created at that spot, so a mask was created using each beam
passed throughout the cell. The hole size was adjusted to make sure no part of the beam
was being cut by the mask. The total irradiance of the beam was measured before and
after each pass as well.

There were three final mask designs and placements in this thesis. The first one is a theo-
retical mask, as it explains the ultimate goal of designing a mask, which is only to illumi-
nate the destination spots of the beam. This is shown in Figure 2.12. The idea is similar

to looking through a straw and only seeing the destination spot. Now, this is the only spot
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Figure 2.11: Ray tracing of a laser beam to design mask. This process was iterated for
each pass until all the rays passed through the holes.

illuminated by the light. All the unwanted scattered light will get blocked or absorbed by
the surface, in this case, a straw. This would be the end goal of design as it gives ultimate
results by blocking all the scattered light. However, it’s not practical to make this mask
because of the uneven distribution of gas in each hole, and it is unfeasible to align the

holes to the beam to avoid clipping perfectly. So, we want to come as close to that idea

),

Figure 2.12: This is a theoretical mask created to visualize a mask with zero scattered
light contributed from neighboring spots. This is impractical, but getting as close to it as
possible is the idea.

by using as few masks as possible.

The final idea that we went ahead with was to make some mask(s) and place them along

the path of the gas. The next was to test its effectiveness against scattering.

Figure 2.13: 2 masks: one at 1/3 distance from the first mirror and the second one at 2/3
distance from the first mirror.
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(a) Without Mask (b) With Mask

Figure 2.14: Irradiance distribution on an analysis plane in front of the back mirror with
all point sources enabled. 78% decrease in scattered light after the addition of mask.

Figure 2.13 shows 2 masks placed at 1/3 and 2/3 distance apart from the front mirror. We
considered this idea, but first, we wanted to experiment with one mask in the system. See

Chapter 3 for more details.

2.4.2 Scattered Light Simulations with Mask

With the addition of a mask in the middle of the cell, we noticed a significant reduction in
scattered light reaching the analysis plane placed on the surface of the back mirror. Figure
2.14 compares irradiance distributions of all point sources without and with a mask in the

middle when all the point sources are turned on.

2.4.3 Mask Placement

We have observed noteworthy results through extensive simulations with various mask
configurations within the cell. While numerous configurations were tested, a singular ex-
ample highlights the efficacy of positioning the mask centrally within the cell. This po-
sitioning demonstrates superior performance compared to alternative placements, as evi-
denced by the identical scattering profiles from both mirrors when the mask occupies the
central position in Figure 2.15. Additionally, an observable reduction in total power on
the analysis plane is evident when the mask is positioned centrally within the cell instead
of 20mm from the front mirror in Figure 2.15 (a). Specifically, only the central placement

of the mask yields the least amount of scattered light captured on the analysis plane and
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(a) Mask at 20 mm from front mirror. Relative (b) Mask in the middle of cell. Relative power:
power: 0.1256 units. 0.0619 units.

Figure 2.15: Total irradiance on an analysis plane for both front and back mirror. The
mask is placed at different locations with all point sources turned on.

without a significant reduction in the beam’s intensity. These plots are in a 2-D perspec-
tive view where z and y axes represent the position of the rays and z is the intensity of
the beam. There’s a color legend representing the intensity of light captured on the plane.
Visually, it is apparent that the plane with the mask at 20 mm exhibits significantly higher
traces of green and yellow color than the plane with the mask in the middle. Furthermore,
the calculated total relative power on the analysis plane for the 20 mm mask was twice as

high as that of the mask in the middle.

2.4.4 Optimization of Mask Design

After simulating the mask and quantitatively confirming a reduction in scattered light on
the mirror’s surface in FRED, it is important to consider design challenges in the experi-
mental setup. Mask 1.0, as depicted in simulations in Figure 2.16a, was designed for pre-
liminary testing. This mask is difficult to implement since it needs more precise rotation
for all passes in the cell. Mask 2.0, shown in Figure 2.16b, is a simpler version where the
holes were a little bigger, and the thickness was reduced to 1mm to allow more flexibility
in the experimental setup. However, with bigger holes, more scattered light will end on the
plane. This is shown in Figure 2.16b, where there’s more scattered light on the analysis
plane than in Figure 2.16a. Mask 2.0 blocks about 8% less light than Mask 1.0. After the

masks were tested in FRED, they were designed in Inventor Professional.

28



=
-
-
-
=
-
=

(a) Mask 1.0 and its intensity distribution. This
mask is 5 mm thick with a hole size of radius of
0.5 mm.

(nanEmRn

(b) Mask 2.0 and its intensity distribution. This
mask is 1mm thick with holes’ of radius 1mm.

Figure 2.16: Mask 1.0 & 2.0’s intensity distribution. Mask 2.0 blocks about 8% less
scattered light than Mask 1.0.

We chose to simplify the mask design due to the disparity between the numerical outcomes
from the code and the actual experimental setup. The mask needed a higher tolerance

to accommodate the beam to pass through the mask without any obstruction. Moreover,
while the MATLAB code provided initial estimates of beam propagation to initiate beam
alignment within the cell, achieving a circular spot pattern in the experiment necessitated
fine-tuning the mirrors. This implied alterations to the incident angles of the beam. Con-
sequently, the simpler mask emerged as the optimal choice, as the mask with holes was
found to clip the beam.

We proceeded to refine the mask further. Figure 2.17 shows the mask’s final design uti-
lized for experiments. While it does block 8% less light than Mask 2.0, its implementation
and 3-D printing are more straightforward.

We used Inventor Professional, a version of computer-aided design (CAD) software, to cre-

ate a mask design. Then, the CAD model was exported to a 3-D printer, which converted
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the mask design into a physical object layer by layer using plastic. Finally, some smooth-
ing was performed using sandpaper to the edges to ensure the mask was ready for use in

the experimental setup.

Figure 2.17: A more simplified mask shown in FRED. Blocks about 8% less light than
Mask 2.0 but easier to implement.

It is noteworthy that the final mask design underwent numerous iterations of trial and
error. This was primarily to rectify beam clipping issues resulting from the disparity be-
tween numerical and experimental systems, as mentioned earlier. Furthermore, this refined
design is expected to be particularly effective for increasing the number of passes when an-

alyzing trace gases.

2.5 Experimental Setup with Mask

To seamlessly run the experiments, it was crucial to place an optic mount in the middle
of the cell so we could easily put on and remove the mask. Figure 2.18 is a picture of the
mask within the cell. The 763 nm VCSEL was transmitted into the cell using 2 steer-

ing mirrors, and the mask was rotated and adjusted to ensure no part of the beam was
clipped. The beam exited the cell and went to the detector. A lock-in amplifier was used
to get the second harmonic (2f) signal, which uses the sine modulation’s freq to demodu-
late the signal and remove the laser modulation amplitude. The 2f signal is recorded us-

ing a Data Acquisition (DAQ) card when a MATLAB code is run (see Appendix).
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Figure 2.18: 3-D printed mask is held in place with an optic mount within the Herriott
multipass cell.

Figure 2.19 shows a second harmonic signal that we measured without the mask and next
to it is a zoomed-in image of the noisy fluctuations. The fluctuations could be noise from
the laser, photodetector, or amplifier, but in this signal also resides the fringes from the
multipass cell. Firstly, WMS employs harmonic detection to improve signal-to-noise ratio
since the signal is modulated at a specific frequency. Secondly, the lock-in amplifier ampli-
fies the weak signal at the modulation frequency while suppressing the background noise
and interference at other harmonics. Lastly, background subtraction at a nearby wave-
length, unaffected by gas absorption, eliminates noise and fluctuations from the laser or
detector. The limiting factor remaining is the unintentional formation of fringes in the
multipass cell. The fringes appear as periodic oscillations in the measurements since they

have a similar free spectral range to the absorption gas cell[9].

2f Signal 2f Signal

-

2f signal (m\x

& = =]

2

s =
——

022 016 017 018 019 02 021 022

o1 012 0.14 0.16 0.18 0.2
Time(s)

Time(s)

Figure 2.19: A more simplified mask shown in FRED. It blocks about 8% less light than
Mask 2.0 but is easier to implement.
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So, to find the contribution of this noisy signal, we had to calibrate the signal first. There
are many ways to do the time-to-wavenumber conversion. One way is with a spectrum an-
alyzer and an etalon. Another way that we utilized was to use the 2f signal to get the
ratio of transition frequencies and look them up in HITRAN to identify peaks [23]. Fig-
ure 2.20 is the transmission spectrum, and the shape is from the ramping of the laser cur-
rent. The measured gas absorption is the small dips in the plot. So, once we know the two
transition frequencies, the corresponding time values can be extracted from the dips in the
transmission spectrum. We could find a linear relationship between time and wavenumber.
Using 2f detection we can extract the concentration of the gas with the time to laser de-
tuning current. However, since, we are interested in the noise associated with the cavity
length, calibration is necessary in .
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Figure 2.20: Transmission signal used to find the time values at dips.

The troughs observed in the transmission signal align with the peaks in the absorbance
signal depicted in Figure 2.21. By assuming a linear correlation between time and wavenum-
ber, we derive the slope utilizing the time values corresponding to the troughs and the re-
spective wavenumber values from Figure 2.21. Leveraging this slope, we used the linear
equation to convert the time scale into wavenumbers. Figure 2.21 is used from HITRAN

at standard temperature and pressure (STP) and a path length of 340 cm [24].
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Figure 2.21: O,’s absorption peaks at 13098.37 and 13100.82 ¢m ™!, corresponding to the
transition frequencies found in the experiment.

2.5.1 Noise Analysis

We aimed to transform the x-axis from time to wavenumber the signal’s Fast Fourier Trans-
form (FFT). This conversion allows us to represent the x-axis in terms of length (cm),
which is useful to compare the path length within the cell for each pass. Figure 2.22 il-

lustrates the noisy regime of the signal without a mask, plotted against wavenumbers on

the x-axis.

+«10% No Mask: 2nd Harmonic Signal vs Wavenumber

Normalized 2f signal
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Figure 2.22: Noisy part of no mask signal with x-axis in wavenumbers.

By performing the FFT of the signal, we can express the x-axis in terms of length, which
allows us to compare equipment distances relative to the optical cell. Figure 2.23 shows
the normalized FFT of the noisy 2f signal with the orange plots without a mask and pur-
ple with a mask. Upon normalization, the FF'T gives inconclusive results as the ampli-

tude of the peaks in the signal with and without the mask are approximately equal. Con-
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sequently, FFT alone does not clarify whether the mask effectively mitigates noise from
the cell. So, to assess the contribution of noise from the cell, we can examine the number
of instances where the noise originates by analyzing the difference in peak lengths.
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Figure 2.23: FFT of noisy signal with and without the mask. Normalized signal presenting

distance components present in the fringes’ signal. The signal is normalized to its DC
component.

We are interested in finding the distance between adjacent peaks that are shown in Figure
2.23. To achieve this, we graphed the distance (cm) between each adjacent pair of peaks.
The histogram in Figure 2.24 shows the total number of occurrences for various distance
ranges within the system. For instance, in the absence of a mask, distances between 10 cm
and 14 cm were recorded 14 times, whereas in a masked system, they occurred 12 times.
If the distance between the peaks corresponds to about 17.1 cm, it implies the noise origi-
nated from the cell itself. Our objective is to determine whether this optical interference is
reduced with the addition of a mask.

A lower occurrence of distances with the mask than without the mask, suggests that the
mask successfully suppressed the noise associated with the cell’s path length. The high-
lighted bin in the histogram is particularly relevant because it represents the noise aligned
with the cell’s path length. We observed a decrease in the number of instances of noise

with the mask, which indicates the mask’s effectiveness to some extent. Notably, the bins

34



are broad and are reasonably constrained by resolution. We conducted a Signal-to-Noise

(SNR) analysis to further validate the mask’s efficacy.

[ No Mask
CMask
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Recorded distance (cm)

Figure 2.24: Histogram representing the number of noise instances corresponding to
different distances in the system. The circled bin is for the multipass cell’s path length of
17.1 cm.

2.5.2 SNR Analysis

Signal-to-noise (SNR) analysis is a crucial aspect of evaluating the performance of spectro-

scopic techniques such as Wavelength Modulation Spectroscopy [25]. It can give valuable

insights into the effectiveness of noise reduction measures in a system. SNR is the ratio of

the input signal to the level of noise in the system as shown in Equation 2.14. In the con-

text of WMS, SNR involves measuring the amplitude of the second harmonic signal and

comparing it to the level of noise present in the measurement.
A Input Signal [

SNR= ————— =

£ 2.14
Noise o ( )
For the analysis, we utilized the peak-peak amplitude, I, of the signal, and then calculated
the noise signal’s standard deviation,o, to calculate the SNR. Figure 2.25 shows the 2 f

signals with and without the mask, and despite the similarities in appearance, their ¢ val-

ues are different. SNR without the mask was calculated to be 864.60 units, and with the
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mask was 920.75 units. The signal with the mask has a higher SNR than the one without

the mask. This also shows that the mask was effective in reducing the noise in the signal

and, therefore, improving the SNR of the signal.
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Figure 2.25: Second harmonic signals with circled areas were used for SNR analysis. (left)

Mask, (right) No mask

These initial findings serve as a foundation, but further investigation is necessary to val-

idate the mask’s efficacy. One potential step could be to use a trace gas, such as Nitrous

Oxide (N20). A trace gas is suggested due to the comparable amplitude of the fringes in

the signal, making it challenging to distinguish between the signal and the noise.
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Chapter 3

Conclusions and Future Directions

In this work, we examined the absorption masks in mitigating the effects of optical fringes
in a WMS system for oxygen monitoring system. First, we leveraged theoretical knowl-
edge of how light propagates in a Herriott multipass cell to tackle the problem numerically.
We approximated the mirror surfaces’ spot pattern and used it as an initial approximation
in FRED simulations. FRED was employed for all the simulations from mimicking scat-
tering to the validating of the final mask design. Following the successful simulations, we
simplified the mask design to accommodate more passes for longer path lengths. Inventor
Professional software was used to design and 3-D print a mask after numerous iterations.
After experimental testing and data analysis, we determined that the mask successfully
suppressed some fringes within the optical cell.

As noted earlier, these experiments and results are preliminary, and further work is re-
quired to demonstrate the mask’s effectiveness conclusively. Analyzing the mask’s perfor-
mance with a trace gas rather than an abundant gas, such as oxygen, could provide bet-
ter insights. Moreover, if we can successfully reduce fringes in this system, this could po-
tentially lead to similar reductions in other systems. Furthermore, it may be beneficial to
tune the laser temperature since improving the resolution of the second harmonic signal is

crucial. We recommend adjusting the laser temperature and moving away from the transi-
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(a) 2 mask in the optical cell (b) With Mask

Figure 3.1: 2 mask system where the masks are 1/3 and 2/3 distance apart from the front
mirror. Blocks 87% more scattered light than Mask 1.0 in Figure 2.16a.

tion frequency, which could potentially lead to finding more noise from the cell.

We also considered other concepts, such as drilling holes in a piece of material using a
high-powered laser, eliminating the need for a predefined mask. This approach allows flex-
ibility based on particular systems, and the mask can be made accordingly. Additionally,
we considered placing two masks some distance apart in the system. Lastly, we are inves-
tigating the use of image processing techniques to create masks with carefully engineered
holes to improve detection accuracy.

Figure 3.1 shows the FRED simulation outcomes with 2 masks strategically placed at 1/3
and 2/3 distance from the front mirror. The analysis plane in Figure 3.1b captures the
scattered rays. As observed, there’s a significant reduction in the amount of light getting
to the back mirror with two masks compared to one. While avoiding the scattered light
that goes along the beam’s trajectory to reach the mirror is inevitable, we aim to mini-
mize the amount of scattered light that bounces back and illuminates spots other than the
intended destination. Further experimentation involving fabrication and optimization is
required based on these initial results.

Next, we started the image processing method since it might produce a better approxi-
mation of the spot pattern than our numerical method. We started by sticking a piece of
printer transparency in place of the mask and took a picture with an iPhone. Figure 3.2
illustrates the spot pattern captured, and the image’s resolution is poor. Since the camera

wasn’t aligned with the plane of the mirrors, it needed some perspective and skew correc-
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tions. Then, we used Keystone Corrector software in MATLAB to project the image in
the same plane as the mirrors [26]. By selecting 4 corners of the transparency paper, we
can correct the shift in angle from which the photo was taken. It’s not perfect, but it does
give us a better estimate of the spots. We can use that corrected image, extract a rough
forecast of the spot position in place of a mask, and design a mask with those hole param-
eters. The picture in Figure 3.2 shows an example of the spot pattern visible on the paper.

Resolution can be improved with a better camera and a small tripod for stability.

Figure 3.2: Spot pattern captured on the printer transparency paper using an iPhone.
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Appendix A

Appendix

A.1 FRED Scripts

We developed this script to get the spot pattern on the mirror’s surfaces.

"7 Code for accumulating irradiances and saving that data to a

dat file

Y

Define the variables and structures as needed
Dim adv As T ADVANCEDRAYTRACE

Dim ana As T_ANALYSIS

Dim srcID As Long

Dim snode As Long

Dim anode As Long

Dim temp () As Double

Dim irrad () As Double

Dim fname$, rcounté&, icount&, count&

Sub Main
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?

Finding the names of the sources

srcID = FindFullName( ”Optical Sources.Source 17 )

" srclD = FindFullName( ”Optical Sources. Collimated Source
")

"snode = FindFullName( ”Geometry. Target Plane_absorb_end
2.Surface” )

snode = FindFullName( ” Analysis Surface(s).Back Mirror

Plane” )

’snode =FindFullName( ”Geometry. Target
Plane_transmit_middle. Surface” )

Const fname = "UPDATED _IrradAccum_back_mirror_mask”

" load data from the Analysis Surface and transform to

local coordinates of measurement surface

LoadAnalysis snode, ana

SetAnalysisParameters 25,25, 501,501, False, ana

ana.posX = 0

ana.posY = 0

ana.posZ = 171.537

" defining the limits in x and y

xlim=ana . Amax—ana . Amin

ylim=ana . Bmax—ana . Bmin
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InitAdvancedRaytrace adv "initalize the Advanced
Raytrace with default settings
adv.hitCount = 1 "step one

intersection at a time

adv.traceActiveSources = True ‘create new rays first
time

"adv . suppressSummary = True "turn off raytrace
summary

count=1 "default count value

stepcount=0 "zero step counter

While count<>0 "loop until there are no

more rays to trace

" determine if raytrace continues

count=AdvancedRaytrace (adv) "advance rays
one intersection

stepcount=stepcount+1 "number
of intersections traced

7

Print "running trace

"calculate irradiance
If stepcount = 1 Then

rcount = Irradiance ( snode, snode, ana,

irrad () )
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Else

‘rcount = Irradiance (snode, snode, ana,
irrad () ) "note: irradiance

calculated in local coordinates of

snode

icount = Irradiance (snode, snode, ana,
temp () )

"icount = Irradiance (snode, snode, ana,
temp () )

rcount=rcount+icount
‘running
count of rays used in irradiance
calculation

Print rcount

"accumulate irradiance values in irrad ()
maxIrrad = —1
For j=0 To ylim
For k= 0 To xlim
irrad (j,k)=irrad (j,k)+temp
(i, %)
If maxIrrad < irrad(j,k)
Then
maxIrrad = irrad (j
k)
End If
Next k
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Next j

"Print maxlIrrad
"Print snode
"Print anode
"Print xlim

"Print ylim

End If

adv.traceActiveSources=False "set to Trace
Existing for remainder of process
adv.hitCount = 2 "step two

intersections at a time

Wend

DeleteRays ’'delete rays upon completion to free up RAM

"write out irradiance calculation to PlotFile in user
Current Directory

fileName = 7C:\ Users\14756\ Desktop\ Multipass cell\” &
fname & 7.dat”

Print fileName

WriteToPlotFile fileName, ana, irrad ()

DisplayPlotFile( fileName, True )
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End Sub

A.2 MATLAB Code

Here’s the code we utilized for the numerical method, written by Jonas Westberg and

Michael Soskind.

% Program to calculate spot positions for a Herriott cell (
spherical)

% References:” Off —Axis Paths in Spherical Mirror Interferometers”

% ”Folded Optical Delay Lines”

% " Multipass cell design for Stark—modulation spectroscopy”

% http://citeseerx.ist.psu.edu/viewdoc/download?doi
=10.1.1.476.1726& rep=repl&type=pdf

% Originally developed by Jonas Westberg, modified by Michael
Soskind & Angela Mehta

% last modified: 08/24/2023

% clear workspace, variables and figures

cle

clear all

close all

% options

enable . display = 1;

% Mirror parameters
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f = 100;
M= 5;

N = 22;

d = 2xfx(1—cos (2xpisxM/N));
%disp (d)

theta = acos(1—d/(2xf));
x0 = 0;

yO = 7;

% re—entrant condition

cond = Nxtheta-Mx2xpi;

fprintf(———— RE-ENTRANT CONDITION

if cond>0.001

% focal length [mm]
% M-parameter
% #passes

% mirror separation [mm)]

% angle for every pass
% x—position start [mm]

% y—position start [mm)]

% re—entrant condition

\n’)

fprintf (’re—entrant condition not fulfilled!\n")

else

fprintf ('re—entrant condition fulfilled!\n")

end

if enable.display

fprintf(——— PARAMETERS ——\n ')
fprintf ("M \t\t\t\t\t= %d\n’ M)
fprintf ("N \t\t\t\t\t= %d\n’,N)

fprintf(’focal length \t\t= %0.3g mm\n’,f)

Y

fprintf

mirror separation \t= %0.3g mm\n’,d)

(
(
fprintf (’theta \t\t\t\t= %0.3g rad\n’,theta)
(
(
(

fprintf(’total path length \t= %0.3g m\n’,d*(N—1)/1e3)

end
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% calculate incident angle for spherical beam pattern
alpha = atan(y0/(2«f) % sqrt((4xf—d)/d)); % incident angle
beta = —y0/(2xf); % incident angle

% calculate spot positions for every pass
x = [];y=[]; L= [];
xmid = []; ymid = []; % Lmid = [];
for i=1:N
x(i) = x0xcos(ixtheta) + sqrt(d/(4xf—d)) % (x0+2xfxtan(alpha))
«sin (ixtheta)
y(i) = yOxcos(ixtheta) + sqrt(d/(4«f—d)) % (yO0+2«fxtan(beta))=x
sin (i*theta);
if i =1
xmid (i) = (x0 + x(i))/2;
y-mid(i) = (y0 + y(i))/2;
else
xmid (i) = (x(i—1) + x(i))/2;
yomid (i) = (y(i-1) + y(i))/2;
end
if i > 2
L= [L /M sqrt( (x(i-2)=x(i))"2 + (y(1-2)-y(i)) 2)];
end

end

% spot separation

sL. = mean (L) ;
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if enable.display

fprintf ('mean spot distance \t= %0.3g mm\n’, sL)
end
%formatSpec —= 'x_mid is %4.2f and y_mid is %8.3f\n’;

%fprintf (formatSpec ,x_mid,y_mid)

% exit—hole angle
exit_angle = atand(x(end—1)/y(end—1));
if exit_angle <0

exit_angle = 360+exit_angle;

end

% exit angles
alpha_exit = atan ((y(end—2)—y(end—1))/d);

beta_exit = atan ((x(end—2)—x(end—1))/d);

if enable.display
fprintf(———— Entrance angles ——\n")
fprintf (’alpha \t\t\t\t= %0.3g%c\n’,alphax180/pi,char(176))
fprintf (’beta \t\t\t\t= %0.3g%c\n’,betax180/pi,char(176))
fprintf(———— Exit angles ———\n’)
fprintf ( alpha \t\t\t\t= %0.3g%c\n’, alpha_exit+180/pi,char

(176))

fprintf (’beta \t\t\t\t= %0.3g%c\n’,beta_exit«180/pi,char(176))
fprintf(————— Exit—hole angle —————\n’)

fprintf (’exit—hole angle \t= %0.3g%c\n’, exit_angle ,char(176))

fprintf( \n’)
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end

% plot results
figure
set (gef, "pos’,[300 500 800 400])
cmp = get(gca, colororder ’);
title (sprintf(’Herriott cell spot positions, MEAd, N=%d’ ,M,N))
subplot (1,2,1)
hold on; box on; grid on;
for i=1:numel(x)
if mod(i,2)
plot (x(i),y(i),’0”, color’ ,emp(1,:))
text (x(i)4+0.3,y(i)+0.1,sprintf("%d’,1))
end
end
axis([—y0—1 yO+1 —y0—1 y0+1])
axis ("equal )
xlabel (’x position (mm)’)
ylabel ('y position (mm) )

axis square

subplot (1,2,2)
hold on; box on; grid on;

for i=1l:numel(x)—1

if "mod(i,2)

plot (x(i),y(i),’0’, color’ ,emp(2,:))
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text (x(i)40.3,y(i)—0.1,sprintf("%d’,i))

end

end

Y

plot (x0,y0,’0’, color ’ ;emp (4 ,:))

(
text (x0—1,y0+0.8,sprintf(’entrance ’))
axis([—y0—1 yO+1 —y0—1 yO+1])

axis ("equal )

xlabel ('x position (mm )’)
ylabel ('y position (mm)’)

axis square;

T

figure

plot (x,y)
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