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ABSTRACT

DESIGN, PRODUCTION AND PERFORMANCE ANALYSIS OF A
MULTI-PASS MATRIX OPTICAL SYSTEM FOR TRACE
SPECTROSCOPY

Onder Aksan, Tuba
Master of Science, Physics
Supervisor: Assoc. Prof. Dr. Alpan Bek
Co-Supervisor: Dr. Ulas Kiirim

September 2021, 103 pages

The design and fabrication of a multi-pass matrix optical system (MMS) for the
atmospheric trace gas measurement system planned to be established is described.
The measurement system is a sealed thermal vacuum-capable chamber in which
synthetic atmosphere configurations can be obtained by releasing various gases into
the system. To increase the sensitivity of spectroscopic measurements, a MMS is
designed to extend the optical path inside the chamber. The system, which is a
modified Chernin cell design consisting of three objectives and two field mirrors, is
adjustable to acquire up to 288 passes along the cavity. The design parameters of the
system and the optimum configuration have been determined and simulated utilizing
ray tracing technique with OpticStudio. Performance output and optical aberrations
have been analyzed. As a result of the analysis, it has been shown that the geometric
loss and astigmatism is negligible, off-axis angles are small, and the focal features
are preserved. Performance experiments of the MMS were performed using a
supercontinuum laser through an optical cuvette placed in open atmosphere

environment. Two types of samples are chosen to simulate absorber and scatterrer



behaviour. Absorption and scattering spectroscopy in the visible region of crystal
violet (CV) and polypropylene (PP) were performed for different passage numbers
and different concentrations. As a result of the measurements, the optimum number
for the measurement system with a cuvette was determined as 32 with 4x4 matrix
arrangement. The detection limit for CV is found to be 2.48 nM and for PP 16.8 uM.
The results have been compared to alternative spectroscopy techniques. They show
that; the system can be used for detection measurements of molecules and scattering
microparticles in many fields ranging from atmospheric studies to environmental
science. It offers a reliable, simple, inexpensive, fast and portable solution that can

compete with other measurement techniques.

Keywords: Mirror System Design, Optical Fabrication, Atmospheric Transmittance,

Absorption and Scattering Spectroscopy
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ESER MIKTARDA BULUNAN MADDE SPEKTROSKOPISI iICIN COKLU
GECIS MATRIS OPTIiK SISTEMI TASARIMI, URETIMI VE
PERFORMANSI

Onder Aksan, Tuba
Yiksek Lisans, Fizik
Tez Yoneticisi: Dog. Dr. Alpan Bek
Ortak Tez Yoneticisi: Dr. Ulas Kiiriim

Eyliil 2021, 103 sayfa

Bu calismada, kurulmasi planlanan atmosferik eser gaz 6l¢lim sistemi i¢in ¢ok gecisli
matris optik sistemin (CGMS) tasarimi ve iiretimi anlatilmaktadir. Olgiim sistemi,
cesitli termal kosullarda sisteme gesitli atmosferik gazlarin salinmasiyla sentetik
atmosfer konfigiirasyonlarinin elde edilebildigi, sizdirmaz vakumlu bir odadir.
CGMS, spektroskopik ol¢limlerin hassasiyetini artirmak amaciyla, kavite igindeki
optik yolu uzatmak igin tasarlanmistir. Ug objektif ve iki alan aynasindan olusan
modifiye edilmis bir Chernin hiicre tasarimi olan optik sistem, kavite boyunca 288’e
kadar gegis elde etmek igin ayarlanabilmektedir. Ayna sisteminin tasarim
parametreleri ve optimum konfigiirasyon, OpticStudio yazilimi ile 15in izleme
teknigi kullanilarak simiile edilmistir. Simiilasyon sonucu performans ¢iktis1 ve
optik kusurlar analiz edilmistir. Analiz sonucunda geometrik kaybin ve
astigmatizmin ihmal edilebilir oldugu, eksen dis1 agilarin kiigiik oldugu ve odak
ozelliklerinin korundugu gosterilmistir. CGMS’nin performans deneyleri, agik
atmosfer ortamina yerlestirilmis bir optik kiivet araciligiyla siiper siirekli lazer
kullanilarak gerceklestirilmistir. Sogurucu ve sacict davranigini simiile etmek i¢in iki

tip numune secilmistir. Kristal viyole (CV) ve polipropilen (PP) i¢in goriiniir spektral

vii



bolgede farkli gecis sayilar1 ve farkli konsantrasyonlar i¢in sogurum ve sagilma
spektroskopisi yapilmistir. Analiz sonucunda kiivetli 6lgiim sistemi igin optimum
gecis sayisit 4x4 matris diizeni ile 32 olarak belirlenmistir. CV igin minimum
algilama limitinin 2.48 nM ve PP icin 16.8 uM oldugu bulunmustur. Sonuglar
alternatif spektroskopi teknikleri ile karsilastirilmistir. Performans calismalar1 ve
karsilastirmalar CGMS’nin atmosferik ¢alismalardan ¢evre bilimine kadar bir¢ok
alanda molekiillerin ve sagicit mikropartikiillerin tespit 6l¢iimleri i¢in kullanilabilir
oldugunu gostermektedir. Sistem, diger olgiim teknikleri ile rekabet edebilir,

giivenilir, basit, diisiik maliyetli, hizl1 ve taginabilir bir ¢6ziim sunmaktadir.

Anahtar Kelimeler: Ayna Sistemi Tasarimi, Optik Uretimi, Atmosferik Gegirgenlik,

Sogurum ve Sagilim Spektroskopisi
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CHAPTER 1

INTRODUCTION

For a ballistic missile defence (BMD) system that utilize an imaging infrared (IIR)
seeker, it is of utmost important to define an accurate IR signature model. For an IIR
seeker, number of photons detected is the most important aspect to define the
detection range. The photons that are radiated by the target are naturally interacting
with the atmospheric molecules they are travelling in. Therefore, it is crucial to
define the amount of extinction caused by the atmospheric gas components. The
extinction characteristics of the molecules is significantly affected by the
environmental parameters such as temperature and pressure. These parameters are
highly dependent on altitude, resulting a characteristic behaviour of these “trace” gas
molecules. As a result, it is vital to measure the transmissivity of trace gases in the
high-altitude atmospheric conditions. It is quite hard to perform these experiments
at these altitudes. While establishing similar conditions in a laboratory environment
is also quite hard to accomplish, it is comparatively easier to achieve. Since these
photon movements are almost instantaneous compared to molecules along the path,
and the path length is usually in the order of kilometres, the interaction can be
modelled with a statistical approach. Thus, depending on the altitude and
corresponding trace gas pressure, it is possible to be replicated in 100s of meters. It
is still not viable to build a 100s of meters long test environment, yet it is possible to
extend the optical path with reflective surfaces to simulate such interaction
conditions. Therefore, the need for a reflective optical system in which the light can
pass and interact multiple times with the trace gas molecules in the limited testing
envelope has emerged. In order to satisfy this, a multi-pass optical system has been
designed, built and set up for trace spectroscopic applications. To evaluate the mirror

design, extinction spectroscopy studies of crystal violet (CV) as molecular absorber



and polypropylene (PP) as scattering microparticles were carried out in a quartz
cuvette placed in the multi-pass beam path between the mirrors of the system in an
open atmosphere environment. To analyse the performance of the novel multi-pass
measurement technique, the limit of detections (LoD) have been defined. Optical
design parameters, ray-trace analysis and post-production test results are also

presented.
1.1  Spectral Signature Studies in Defence Applications

111 Thermal Emission and Blackbody Radiation

The objects are made up of constantly vibrating atoms which create electromagnetic
waves. The vibration is observed more often in higher energetic atoms. When the
temperature of an object increases, the vibration also rises and hence it causes higher
the spectral radiation energy. Therefore, depending on the spectral emissivity ()
and the temperature of the objects, all objects hotter than -273 C° emit radiation
according to an intensity and wavelength distribution. This phenomenon is usually
defined in terms of blackbody which is an object that absorbs all the incident

radiation and radiate them perfectly according to Kirchoff’s law [3].

The number of photons that objects emit, also called radiative power, R(A,T) and

the wavelength distribution can be defined by Planck’s radiation law:

27Thc2 1
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where A is the wavelength, T is the temperature, h is Planck’s constant, c is the speed

of light, k is the Boltzmann’s constant.
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Figure 1 Spectral radiative power of a blackbody R (A, T) vs wavelength, A at
different temperatures [4].

According to Planck’s law of radiation, the objects above a certain temperature,
radiate in the visible region while at relatively lower temperatures they shift to the
infrared part of the spectrum. In Figure 1, the radiation graphs depending on the
wavelength of blackbodies at 300 K, 400 K, 500 K, 600 K, 1000 K, 1400 K, 1700 K
and 2000 K temperatures are given. According to the graph, a blackbody with a
temperature of 300 K radiates the most in the Long Wave Infrared (LWIR) region, a
blackbody with a temperature of 600 K radiates the most in the Medium Wave
Infrared (MWIR) region, and a blackbody with a temperature greater than 1700 K

radiates at wavelengths close to the visible region.



1.1.2 Spectral Signature

Within the scope of engagement modeling studies of missile systems, it is very
important to accurately model the space-based infrared signature detection systems
or an infrared seeker in a ballistic missile defence (BMD) system analyzed in
engagement. The functions of searching/detecting/tracking the ballistic system must
be transferred to the model properly. For this reason, the infrared signature

information of the model should be known with the same accuracy.

Figure 2 Spectral signature modeling of a target obtained via FEMVIEW IR
software [5].

In an infrared signature modeling and calculation study, the outer surface geometry
of the system is created in the computer environment. The defined geometric
structure is divided into a number of surfaces, namely the nose and bodies. The target
reaches different temperatures on each of these surfaces during its trajectory in a
given scenario. Surfaces emit blackbody radiation according to their emissivity
characteristics, which can be defined as a function of the radiation spectrum,

depending on the temperature, type and surface structure of the material. Therefore,



the choice of material directly affects the spectral signature calculations. Moreover,
the emissivity varies with surface conditions such as, surface roughness, oxidation
etc. Figure 2 shows an example of spectral signature modeling of a target obtained
by using FEMVIEW IR [5] which is an infrared signature prediction and analysis

software.

The infrared signature also depends on the environment of the target and even on the
parameters of the sensor monitoring this system. These factors should also be
evaluated in order to reveal the spectral signature correctly and effectively. The
radiometric characteristics of a target, especially its infrared signature, which defines
its radiation in the infrared region, is very crucial. Since the infrared signature
directly affects the detection and lock-in range of the infrared seeker used in

countermeasure systems, and hence the performance evaluation.

Among the environmental effects the atmospheric absorption is one of most
substantial parameters that affects the number of photons reaching to the detector.
Altough the density of the atmosphere is very low at the high altitudes especially
above 40 km, when the distance between the target and the sensor is too long, most
of the radiation emitted is absorbed by trace gasses.

1.1.3 Atmospheric Absorption

Depending on the characteristics of the molecule and temperature, the gas molecules
that make up the atmosphere resonate when their natural frequency coincides with
the frequency of the radiation they are exposed to. Then, they absorb the radiation
coming from the threat, which heats up and makes blackbody radiation according to

its emissivity characteristics, at a certain rate.

Absorption of radiation caused by atmospheric gas molecules results in losses in the
signal coming to the detector during the signature measurements. Among the gas

molecules that make up the atmosphere; ozone, water vapor, carbon dioxide,



methane, nitrous oxide, carbon monoxide gases are the most important molecules

that cause absorption, especially in the infrared spectral band range [6].

In Figure 3, the mixing ratios of the gas molecules forming the atmosphere between
0-80 km altitude are given. It is observed that the mixing ratios of gases, which

absorb especially in infrared spectral bands, vary significantly with altitude.
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Figure 3 The vertical profile of the mixing ratio of the atmospheric components
according to the US Standard Model of Atmosphere [6].

Since atmospheric absorption is directly related with the gas density, the amount of
absorption changes as the gas density changes. This phenomenon can be explained

by the Beer-Lambert law whose formula is given below:

A = ecl = —log (L) ®)



where A is the absorption, & is the molar absorbance of the gasses, c is the gas
concentration, [ is the optical path that light travels, I, is the intensity of incident

light, I is the intensity of the light passing through the atmosphere.
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Figure 4 Atmospheric transmission for 1.8 km horizontal path at sea level [3].

The Figure 4 illustrates the transmission of the atmosphere through 1.8 km of air
path with respect to wavelength at sea level where the atmosphere has greater
concentration compared to higher levels. Due to the absorption bands of the major
molecules such as ozone, carbon dioxide, water, the atmospheric windows are
restricted between 3-5 um and 8-14 um at the sea level. Compared to the major
molecules mentioned; nitrous oxide, carbon monoxide, methane etc. become
negligible absorbing components in the atmosphere. However, if the optical path is
too long, even weak lines of trace gasses would play an urgent role in the
spectroscopic calculations. Therefore, those molecules should also be taken account

during the spectral signature measurements and theoretical calculations.



1.14 Spectral Modelling of Atmospheric Effects

PcModWin MODTRAN [7] is an open source software that is used to model spectral
transmission of the atmosphere in several user-defined configurations. The software
uses 1976 US Standard Atmospheric Model [8] for physical and chemical parameters
of the atmosphere and HITRAN [9] database which is a collection of spectroscopic
parameters used by various computer codes to predict and simulate the transmission
and propagation of light in the atmosphere. The HITRAN database is a long-running
project initiated by the Air Force Cambridge Research Laboratories in the late 1960s
in response to the need for detailed information on the infrared properties of the
atmosphere. Some of the parameters available in HITRAN are calculated and some

are obtained from the analysis and fit results of spectroscopic laboratory experiments

[9].
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Figure 5 Atmospheric transmission graph in the spectral range of 1-5 pm at 23 km
and 5 km altitude [10].

In Figure 5, the transmission graph of the atmosphere at 5 km and 23 km altitude is
given by using MODTRAN software. Atmospheric composition has a dynamic

structure that changes not only depending on altitude, but also depending on



geography and time [11, 12]. Therefore, since the gases in the atmosphere have
different concentrations in different geographies, years and seasons; the amount of

absorption will also be different.
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Figure 6 Atmospheric transmission as measured with a spectroradiometer at 6.5 km
distance between the spectral range 2 and 14 um [13].

As the software calculates with statistical characterization method using average
atmospheric values in the spectral band range, it causes errors. The software, which
does not have geographical specialization other than six atmospheric gas
composition models which are Tropical, Mid-latitude summer, Mid-latitude winter,
Sub-polar latitudes summer, Sub-polar latitudes winter, has not been validated in the
literature for thin atmospheric conditions at high altitudes. Hence, the reliability of
the software in different regions and different atmospheric conditions is discussed
[13]. Figure 6 shows the difference between the measured spectral atmospheric
transmission with a spectroradiometer and modeled one by using MODTRAN
software at 6.5 km distance, between the spectral range 2 and 14 um.
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Figure 7 The vertical temperature profile of the atmosphere between 0-100 km
altitude according to US Standard Model of Atmosphere [6].

Since the vertical temperature profile of the atmosphere has a very variable structure,
it causes the spectral radiation of gas molecules at each altitude to be of different
intensities and to shift their spectrum. In Figure 7, the vertical temperature profile
between 0-100 km altitude of the atmosphere is given. According to the graph, the
temperature values vary between approximately 200 K and 290 K within the
specified altitude range.

In the HITRAN database, spectral radiation values specific to atmospheric gas
molecules are given according to the constant temperature which is 296 K.
MODTRAN software calculates the spectral radiance values at different
temperatures by using the radiance value corresponding to the 296 K temperature

obtained from HITRAN. Spectral information at different temperature values of the
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atmosphere is theoretically obtained between 70-3000 K temperature values. In the
literature, the reliability of the HITRAN database in sensitive applications is

discussed due to the variability between different published versions [14,15].

Atmospheric spectroscopy experiments were needed to meet the need to accurately
reveal the infrared signature of the threat, due to the low reliability of the software
and models used. In line with this requirement, it is aimed to make the measurements

with the atmospheric environment created under laboratory conditions.

Data sets will be obtained within the scope of high-altitude infrared trace modeling
studies by supplying and operating the equipment required for these studies, which
will be carried out in laboratory conditions. It is considered that together with the
hardware to be installed, the theoretical knowledge to be gained with these data sets
and the models to be created will form an important infrastructure in high altitude
and space-based projects in the long run.

115 Atmospheric Trace Gas Measurement System

In order to model the effects of the atmosphere, a sealed vacuum-capable chamber
is designed and planning to be built. Atmospheric Trace Gas Measurement System
illustrated in Figure 8, is a cylindrical stainless-steel chamber whose effective
volume is approximately 300x230x920 mm?®. The chamber will be thermally
adjustable between -100 °C and +100 °C and pressure can be varied from 10 mbar
to 1.5 bar. One of the purposes of the system is to realize trace gas absorption
spectroscopy experiments for several atmospheric configurations. Therefore, the
atmospheric trace gasses which are active especially in the infrared spectral region
can be released to the simulation chamber in a controlled manner. By this way,
synthetic atmosphere will be created by controlling the temperature, gas content and
pressure as realistic as possible in the chamber. The synthetic atmosphere inside the
chamber will be used as a medium to measure atmospheric transmission for several

conditions.
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Figure 8 Schematic representation of atmospheric trace gas measurement system.

Atmospheric simulation system will be coupled with tunable laser absorption

spectroscopy equipment given in the table below:

Table 1 The Tunable Laser Absorption Spectroscopy (TLAS) equipment coupled
to the trace gas measurement system

Equipment Model

Optical Parametric Oscillator (OPO) / 2-12um NT242 Ekspla

Optical Parametric Oscillator (OPO) / 200-2400 nm NT277 Ekspla

Supercontinuum laser SuperK Compact NKT

Wavelength selector NKT

Lock-in amplifier 600 MHz Zurich Instruments

Spectrometer VIS Ocean Optics

Spectrometer NIR Arcoptix
Spectrometer MWIR Arcoptix
Thorlabs

Photodetectors

Translation optics and optomechanics Thorlabs / Edmund

View ports Knight Optical
Multi-pass Matrix Optical System My design

As the density of atmospheric gasses dramatically decreases with high altitudes, to
detect especially the weak lines would be challenging with the direct spectroscopy.
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Therefore, the need arises to extend the optical path to absorb more molecules of the
radiation in order to increase the measurement sensitivity. The optical system that

would be located to the trace gas measurement setup is illustrated in the Figure 8.

1.2 Molecular Absorbant Spectroscopy (Crystal Violet)

In this thesis, crystal violet was used to demonstrate the spectroscopic measurements
of molecular absorbers. The absorption band of crystal violet is well-known and its
spectroscopic studies are frequently encountered in the literature. Crystal violet dye
shows high absorption characteristics due to strong pigmentation. Since the cuvette
used in the performance studies has large volume, it is necessary to use a large
amount of absorber molecules. Moreover, as crystal violet is an easy-to-find
material, it is suitable for use in large quantities. Solution preparation is inexpensive
and easy as it is soluble in water. In addition, it is important to develop sensitive and
reliable detection methods and produce new solutions due to the damage to nature.

@
H3;C. - .CH
3 N 3

Figure 9 The chemical structure of crystal violet [16].

Due to lack of natural resources, the fishery productions are supplied via aquaculture
production which results in an increase in waste materials and organic compounds
in fishponds and hence a dramatically increased risk of fish diseases [17]. Since the
crystal violet (CV) is one of the banned drugs in aquaculture, this has become an

issue of concern for consumers and regulators. CV (Figure 9) which is used as
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antifungal drug is a purple cationic triphenylmethane dye [18]. The residues of CV
in foods lead to potential health risks such as cancer by reason of prolonged
exposure. For this reason, the use of CV in aquaculture has been prohibited by many
countries such as USA, Japan, China and European Union [19]. Therefore, it is
urgent to develop simple, reliable and sensitive methods for the determination of
trace amount of CV in aqueous solution. To date, there has been several methods
developed to detect CV such as surface enhanced Raman scattering (SERS),
chromatography, electrophoresis, fluorescence, mass spectrometry,
spectrophotometry,  electrochemiluminescence, high  performance liquid
chromatography (HPLC) etc. The limit of detections (LOD) and the related methods

applied to detect trace amount of CV are given in the Table 2.

Table 2 Limit of Detection of CV measurements and methods.

Source Limit of detection (LoD) Method
Y. Hanet. al., 2018 [20] 6.1 x 10 mol/L Fluorescence
Q. Lan et. al.,2018 [21] 3.2 x 10° mol/L Electrochemiluminescence
G. Shiet. al., 2018 [22] 5 x 101 mol/L SERS
Z. Zhou et. al., 2018 [23] 1.96 x 101 mol/L Mass spectrometry
S. Sadeghi, et. al, 2018 [24] 3.4 x 10° mol/L Spectrophotometry
X. Yan, et. al., 2019 [25] 101% mol/L SERS
Y. Hu and Z. Gao, 2020
0261 7.3 x 10° mol/L Fluorescence
G. Yang et. al., 2020 [27] 8.1 x 10 mol/L SERS
X. Wu et. al., 2020 [28] 9.8 x 10" mol/L Solid-phase extraction
K. Wang et. al., 2020 [29] 7.24 x 10°1° mol/L SERS
Y. Miao et. al., 2021 [30] 102 mol/L SERS
Wen-Xian et. al. [31] 1072 mol/L SERS
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1.3 Scattering Microparticles Spectroscopy (Microplastics)

Today, plastics are widely used in industry due to their low cost, light weight and
durability [32]. However, as a result of its erosion over time, it causes water pollution
and endanger the health of species in the aquatic environment [33]. Primary micro-
sized plastic particles used in many industrial products, including cosmetics and
toothpastes, reduce the quality of the water and endangering biodiversity [34].
Therefore, it is of paramount importance to develop techniques for the in-situ
detection of microplastics in natural water bodies and water treatment systems. Due
to their small size and low concentration, microplastics are difficult to detect in the
aquatic environment. To date for detection of microplastics in aquatic environment,
there has been proposed many methods, including visual, chemical and optical.
Techniques such as Surface Enhanced Raman Spectroscopy (SERS) [35]. Laser-
based photoluminescence [36], integrated holography and Raman spectroscopy [37]
are used for the detection of microplastics. However, new measurement systems
need to be developed since the techniques are laborious, time-consuming, complex
and costly. In this work, it is aimed to measure the detection of microplastics in liquid

environment with multi-pass matrix optical system.

1.4 Multi-pass Mirror Designs

14.1 White Cell Design

The White Cell [38] which was intended to measure the vapor phase spectra of
material with high boiling points by enhancing the optical path length were designed
by John U. White in 1942 for the first time. The White Cell is made up of three
concave spherical mirrors that all have exactly same radii of curvature R. A single
field mirror is placed at one end and two adjacent objective mirrors at the other end
at a distance equal to their radius of curvature. While the center of curvature of the

field mirror is aligned halfway between the two adjacent objective mirrors, in order
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to obtain a confocal resonator, the centers of the objective mirrors are slightly
misaligned. Therefore, the light coming from the source is refocused onto the field
mirror until it leaves from the mirror as shown in the Figure 10. The working
principle of the White cell named as White rule [39] states that the position of the
successive objective and image position, near the curvature center of spherical
mirror, lie on a straight line whose midpoint falls on the center of curvature of the

last objective mirror.

0|5 20324 1|6

(a) (b) (c)

Figure 10 (a) White cell design. (b) Photograph of White cell. (c) Images on the
field mirror.

Bernstein and Herzberg [40] slightly modified the White cell by using a T shaped
mirror to investigate the spectrum of fluoroform under high resolution. The geometry
of the field mirror given in Figure 11 provides a doubling the optical path with two

rows of light beam on the field mirror.

(a) (b)

Figure 11 (a) Bernstein and Herzberg's multi-pass mirror design. (b) Images on the
field mirror.
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Similarly, in order to measure water vapor continuum coefficients, Tobin et. al. [41]
designed a multi-pass mirror system with two rows of light beam on a rectangular

field mirror as shown in Figure 12.
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Figure 12 (a) Tobin et. al. multi-pass mirror design. (b) Images on the field mirror.

Although, the designs of both Bernstein et. al. and Tobin are almost similar with the
currently introduced ones, they suffer from basically three limitations. First of all,
with this arrangement, only two rows of images can be produced on the field mirror.
Thus, doubling the number of light beams on the field mirror requires twice the width
of the field mirror. When the width of the field mirror increases to obtain large
number of passes, it would only be possible by using high reflective coatings on a
huge area which causes extreme material cost, more rugged mechanical mounts,

heavier field mirror [42].

Secondly, astigmatic image broadening is a common concern as image aberrations
for Bernstein and Herzberg modified White cells. According to the small angle
approximation, the radius of curvature of the spherical mirror and the square of the
incident light ray angle are directly related with astigmatism aberration. When the
number of passages increases, images are formed further away from the axis which
causes astigmatic image broadening. Consequently, only a small amount of light

passing from the cell is able to reach to the detector.
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Thirdly, the limitation on the vibrostability was also a common issue that all the
designers tried to overcome. Due to the fact that the vibrostability of the alignment
of the objective mirrors is directly related with the number of columns on the field

mirror, matrix form is much more preferable rather than two row orientation.

1.4.2 Modified White Cell Designs

Due to the limitation of the design of Bernstein and Herzberg's multi-pass mirror
systems, several modified designs have been introduced. By splitting the field mirror
into four parts and adding two objective mirrors to the system, Hanst produced a
matrix of light beam on the field mirror group as shown in the Figure 13. The design
was used in Shetter et. al.’s [43] evacuable thermal chamber for atmospheric gas

absorption studies.
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Figure 13 (a) Hanst's multi-pass matrix design. (b) Images on the field mirror
group.

To obtain matrix form on the mirror, Horn and Pimentel [44] separated the field

mirror group to several pieces similar to Hanst’s design shown in Figure 14.
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Figure 14 (a) Horn and Pimentel's multi-pass matrix design. (b) Number
of images on the field mirror group.

Herriott and Schulte [45] proposed a multi-pass mirror system consists of two
spherical mirrors placed opposite each other so that the distance between them is
equal to the radius of curvature. One of the mirrors has a hole in its center through
which incident light beam can enter in an off-axis direction. The light circulates
between the mirrors inside the cell until it leaves from the hole through which entered
the system. Thus, the system acts as an off-axis resonator shown in Figure 15. The
number of pass is determined by the angle of incident light beam. However, the
design requires extreme precision in construction which makes it financially
unsuitable. Moreover, the Herriott design is ineffective for incoherent broadband

light sources because of lack of focal properties [42].

(b)

Figure 15 (a) Photograph of Herriott cell. (b) Images on mirrors of Herriott cell.

To achieve accurate spectroscopic measurements, optical path and noise are vital

factors which affect the intensity of the light beam and signal respectively. If
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misalignments and vibrations increase with increasing optical path length, the system
would be ineffective. Therefore, some designers have proposed stabilized systems to

come through the limits [46].

To reduce the loss of alignment caused by the fluctuation of refractive index and
vibration, White [47] proposed a new design by adding two pairs of retroreflectors
to his original one. For UV spectrometry applications, Ritz et. al. [48] further
developed the new design of White by adding three right angle prisms to increase
the vibrostability. Doussin et. al. developed the design and customize the system to
perform infrared spectroscopic studies in an atmospheric simulation chamber shown

in Figure 16.

Despite the modifications introduced in this section bring better stability to
misalignments and vibrations, Grassi and Guzzi [39] proposed a theoretical ray
tracing study that shows modified White cells with retroreflectors and prisms leads
to extreme negative effects on optical throughput which is hard to predict without
detailed ray trace analysis. They state that when flat surfaces such as prisms or
retroreflectors are used inside the system, due to beam divergence caused by the
surfaces, the symmetry of the White cell (White rule) is broken.
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Figure 16 (a) Doussin et. al.'s multi-pass matrix system. (b) Images on field
mirror group.

The modified White cells which are made up of plenty of mirrors, prisms,

retroreflectors, mirror mounts, lenses etc., may not be practicable due to complex
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alignment and probable vibration issues. Also, in some of the modified cells, the
input aperture is adjacent to or overlaps the output aperture, making it difficult to

separate the input and output light and to align the detector and source.

1.4.3 Chernin Cell Design

Compared to the modified and complicated designs mentioned in the previous
section, Chernin published a group of papers that included designs which are simpler
and easier to align. The designs named as Soviet matrix multi-pass systems introduce
less aberrations, and higher vibration stability.
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Figure 17 (a) Chernin's multi-pass matrix three objective system. 1-entrance
aperture, 2-exit aperture, 3,4,10-objective mirrors, 5-turning plate, 6-holder, 7-
vertical axis, 8,9-Field mirrors, 11-horizontal axis. (b) Objective mirror group.
3,4,5,6- objective mirrors, 7-mirror holder, 8-vertical axis, 9-horizontal axis, 10’-
11°- curvature centers of field mirrors. (c) Field mirror group. 1-entrance aperture,
2-exit aperture, 3’-6’-curvature centers of objective mirrors, 10,11-field mirrors [1].
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Figure 17 illustrates three and four objective mirror multi-pass matrix system designs
of Chernin and Barskaya. In three objective mirror system, first two rows of images
are formed by paired objective mirrors 3 and 5 as illustrated in Figure 17(a). Then
field mirror 8 reflects the light beam onto objective mirror 10 that sends the light
beam back to the same field mirror. Then the light beam again reflects to the
objective mirror 3 which is the first mirror met the incoming light. Therefore, it opens
a new entrance with a different angle to obtain a matrix form. In each cycle a matrix

with 2 rows are formed, until the light beam exists the system.

Although three objective multi-pass design of Chernin is promising, being adjacent
of input and output apertures makes the separation of incident and outgoing light
beams and alignment of light source and detector inconvenient. Therefore, in 2001-
2002 Chernin modified his design that includes three or four objective mirrors and a
field mirror through which light beam can enter from two opposite ends shown in
Figure 18. When the system is used with an instrument having large angular beam
divergence such as diode lasers, the design has become much more accurate with

this arrangement.

0] CAOICIT
- Elee e
O® ®® ®
00 ——
@)@ & @ @
" o
" |ele@e e
olceee /
/ /

2 8

Figure 18 Chernin's modified three objective multi-pass matrix system. 1-entrance
aperture, 2-exit aperture, 8,9-field mirrors.
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CHAPTER 2

THE OPTICAL SYSTEM

In this section, the design, production and post-production optical characterization
processes of the multi-pass matrix optical system are explained in detail. The general
features of the selected model and why this model is more advantageous than other
models for atmospheric trace gas measurement studies are discussed, and the general
features and working principle of the model are explained. In the design, design
parameters such as optimum number of passes, mirror sizes, laser beam diameter,
divergence of the laser, wavelength to be used, and resolution, which are among the
design criteria aimed at extending the optical path, are discussed. After the
parameters were determined, a ray trace simulation of the optical system was created
with Zemax OpticStudio software. The position and angle parameters of the mirrors
were selected as variable and the optimum values were determined according to the
RMS radius and centroid of the system. As a result of the simulation, optical
aberrations were detected and the performance of the system was evaluated by
assigning tolerance values. The optics were produced with the parameters obtained
as a result of the simulation. Finally, surface characterizations of the optics such as
irregularity and roughness were measured with a test plate and the reflectivity value
of the coating was measured with a spectrophotometer. The defects formed on the

coating over time were detected with Nomarski and Stereo microscopes.

2.1  Optimum Cell Design Criteria

Contrast to other type of cell designs, Chernin cell is much more uncomplicated, easy
to align, vibrationally stable, astigmatic free and also it obeys the White rule
mentioned in the previous chapter. A Chernin based three objective multi-pass cell

as already been installed to an atmospheric simulation chamber which is used for
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photochemical smog measurements constructed at the University of Leeds in UK

and it performed good results [42].

Steyert et. al. [49] published a paper describing the analysis of Chernin’s three
objective multi-pass matrix optical system for tunable laser spectroscopy. They
stated that, the Chernin type cell is extremely stable at harsh environmental
conditions for planetary atmospheric applications. They state that the cell can be
successfully used both at low and positive atmospheric pressures, also at the
temperatures above -148 °C. The atmospheric absorption experiments will be done
for high-altitude environmental conditions in a simulation chamber in some cases
which require extremely low pressure and temperature. Since Steyert and Glowacki
stated that the system works stably under these conditions, the Chernin type cell

becomes more suitable contrast to other type of cells.

As the absorption is very low at high altitudes, the number of passes should be high
enough to increase the optical path length and hence the sensitivity of the system.
For some applications, the optical multi-pass system will not only be used to increase
the sensitivity of the system but also to obtain the real path length between our
detector and the target to be measured. Therefore, the number of transitions between
the mirrors should be adjustable easily and very high if necessary, as provided by the

Chernin type cells.

Despite the fact that, the original White cell designs require more basic
optomechanics for the mirrors, the stated reasons make Chernin type cells quite more

prominent.

2.2 Design of the Optical System

In my design, the multi-pass matrix system which is made up of three objective (Oq,
0., O3) and two field mirrors (T1, T2), is constructed for at least 72 passages provided
by 6x6 matrix arrangement on the field mirror group. The mirrors which are all

spherical concave and have the radius of curvature exactly the same are located
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opposite each other so that the same mirror groups are together. The distance
between the objective and field mirror groups that determine the optical path length
is placed so that it is equal to the radius of curvature. Since the focal point (f) of a
spherical concave mirror is the half of the center of curvature, all the mirrors are

located at 2f distance to each other.
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Figure 19 Three objective multi-pass matrix system scheme.

As shown in the Figure 19 the images of the light beams are seen on the field mirrors,
T1 and T2. The width of the field mirror T, is smaller than T: to avoid blocking the
entrance and outgoing apertures. In contrast to the final Chernin design, T> is located
above T1 in order to get the outgoing light beam that reflects from the last mirror at
the same height with the incoming one. While the center of curvature of T is located
between the objective mirrors O1 and O at the intersection point, the center of
curvature of T is located between O; and Og at the intersection point.
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Figure 20 Images of the field mirror T1 and Ta.

The center of Os that is the mirror that light meets first is located perpendicular to
the incident ray of light contrast to original design of Chernin. Since the objective
mirror Os is tilted about the vertical axis, the center is placed midway between the
position of the incident light and the position of the first image on the field mirror
T>. Then the light is reflected from the surface of T, to O due to the fact that the
center of curvature of T is placed between the mirrors Oz and Ogz. The reflected light
from surface Oq is projected to the surface of T at the desired point which is shown
in Figure 20 as 2, since the center of curvature of O1 is located between so that the

location of second image is symmetrically located to the location of first image. Then
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the light beam reflecting from the surface of T to O is reflected to T again with the
same logic. Until the image 12, the light is reflected between Oz, T1 and Oz ina cycle.
After the reflection of 12+ image to the surface of the objective mirror O3, the first
two columns of image on the field mirrors are completed. Therefore, the cycle is
again started from a new entrance aperture with a different angle. Until 36w image
that is the last beam of light leaves from the output aperture of the system, the
reflection cycles repeat one another. Therefore, within the multi-pass system 72
passes are obtained.

If the distance between the center of curvature of O2 and the center of curvature Oz
are kept the same while travelling up or down together, the number of rows on field
mirrors does not change. This property can be used to fix the objective mirrors O
and Oy in order to increase the vibrostability. On the contrary, if the distance of them
are not kept the same while shifting up or down, the number of rows can be enhanced
by getting closer the center of curvature of the objective mirrors. In that case the
mirrors should be controlled independently during the alignment. In my design the
number of rows is easily adjustable and only depends on the beam diameter on the

field mirror.

In the design, since the working principle of the system is White Rule, the number
of columns is restricted with even numbers because of the symmetry. In order to
increase the number of columns on the field mirrors, there are two ways to apply.
The first way is to keep the center of curvature of O, and O together and locate the
center of curvature of Os closer to that of O2 and Oz in the horizontal axis. In this
case, the first image on T2 should be as close as possible to the left corner of the
mirror. While this arrangement leads to increasing the number of images, it also
causes the location of the output aperture to shift. This is the way that Chernin [50]

suggested to keep vibrostability while increasing the number of columns.

The second way which provides more images compared to first way is that, the center
of curvature of O1 and Oz should be located closer to the input aperture and the center

of curvature of Oz is getting closer to the output aperture which means that the
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distance between the center of curvatures of the mirrors should be as small as
possible as shown in the Figure 20. The second case shows weaker vibrostability
than the first one, but the latter allows the system to keep the position of the output
beam at exactly the same point as the number of columns increases. This ensures that
the positions of the equipment outside the cabinet such as transfer optics, detector

etc. remain the same for each configuration.

All mirrors have their mechanical mountings that provide them to rotate in three
dimensions. The reason why all mirrors should rotate independently is that different
number of passes configurations require the mirrors to rotate in different angles. The
number of passes can be adjusted by two degrees of freedom for all mirrors except
for O3 that needs only tilt screws. Although only the screws that enable pan and tilt
to the mirrors are sufficient for the design, if the optics are not manufactured with

desired precision, the extra degrees of freedoms would be vital for alignment.

2.2.1 Definition of Optical Design Parameters

2211 Number of Passes

The number of passes between the objective mirror and field mirror groups is
obviously related with the matrix orientation. The number of columns and rows
depend on the reflectivity of the coating on the optics. Therefore, the coating with
the highest reflectivity should be selected according to the wavelength range to be
studied. Since the current design was produced for mid-infrared atmospheric
spectroscopic studies, the material of the coating was selected as protected silver

whose reflectivity between 2-10 pum is greater than 98%.

Figure 21 gives typical reflectance curves for metallic mirror coatings from near-

infrared to mid-infrared region.
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Typicol Reflectonce Curve for Metallic Mirror Coctings NIR - IR Range
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Figure 21 Typical reflectance curves for metallic mirror coatings from near-
infrared to mid-infrared region [51].

Since the reflectivity of the mirrors are not ideally perfect, there occurs such losses
for each pass in the multi-pass system. By considering the measurement, the
maximum achievable signal to noise ratio (SNR) for optical path length should be
determined. When the optical path is too long, the intensity of the light decreases
dramatically that cannot be detected with regard to the noise level of the system. On
the contrary, while the optical path is too short, the absorption cannot be detected for
the weak lines. Therefore, the SNR of the system and the absorption level of weak
lines are the constraints to determine the optimum path length and the number of
passes. Steyert [49] states that since the principle noise level is caused by the photon
variation in thermal background, it does not depend on the laser to be used. For weak
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lines, the optimum number of passes was studied by Doussin et. al. [46] for the case

where the noise of the system is caused by the photon.

For the case of weak line absorption, the absorbance A can be expressed as,

Iy Io—1I 4)

lo(1), the incident intensity of light, is almost equal to 1(2), the intensity after weak
line absorption. The optimum pathlength can be determined by maximizing the SNR

defined as follows,

SNR = — ®)

Now, by differentiating the absorbance which is given in Equation 4, §A can be

obtained as following,

I-I-I2

~

I

Since the spectrum is measured in the same experimental conditions, the variations
on the incoming light 51, will be almost equal to §1. Therefore, §A can be expressed

as,

61
0A ~ 2— (7)

The photons are distributed on a detector according to Poisson’s law, intensity error

can be defined as the standard deviation o that is linear with /1.
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The absorbance defined by Beer-Lambert’s law directly depends on the optical path
length and therefore the number of passes. If the number of reflections is defined as

p, the number of pass will be p+1 and absorbance can be written as,
Ax(p+1) 9)

As it mentioned before, in a multi-pass optical system, the major energy lost
originates from the absorption of light via the mirrors. Thus, the intensity coming to

the detector is proportional to pw power of the reflectivity.

I < RP
As a result, the SNR becomes,

+1 1
SNRoc B2 « >+ DR/

2VRP

(10)

Finally, the optimum number of reflections in a multi-pass matrix system can be
found by maximizing the Equation 10. It can be found by differentiating the equation
with respect to n and equating it to 0.

__~2 _ (11)
" In(R) 1

p
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By using the formula obtained in Equation 11, the importance of the reflectivity of
coating on the number of passes in a multi-pass matrix system can easily be seen
[46]. For instance, if the reflectivity of the coating is R=0.98, the optimum number
of passes for the weak lines is approximately 99; if R=0.99, the number of passes
would be 199.

In my design, since the reflectivity of the coating on the mirrors is roughly 0.98 for
mid-infrared spectral range, the optimum number of passes should not exceed 99 for
the absorption measurements of weak lines. Therefore, the multi-pass matrix system
has been designed for minimum 6x6 matrix form which provides 72 passes.
However, with this design to obtain less or greater number of passes are also

possible.

Since the absorption can be observed clearly in strong line spectroscopic
measurements, SNR is not the case taking into consideration anymore. However, it
can be calculated numerically without using the approximation which was used for
weak line calculation given in Equation 4. Therefore, the formula given in Equation

11 is not valid for that case.

2212 Mirror Dimensions

In my design, with 6x6 matrix arrangement there exists 36 images on the field mirror
group, T and T». Therefore, the mirror Ty contains 30 images (6x5) of radius ri where
no images overlap. Although Glowacki et. al. [42] states that T1 should have a
dimension of at least 16r;jx14r; and T2 should have a dimension of at least 14r; x 2r;,
due to the constraints caused by mechanical mounts, the dimensions given are not
possible. Even though the mechanical mounts would not obstruct the clear aperture
of the mirrors, there should be a gap between Ty and T that allows them to rotate
about the horizontal axis. Therefore, the images on the Glowacki et. al.'s proposed
minimum-size field mirrors are all adjacent to each other, which is not possible for

the images in the T mirror and the images in the top row of the T1 mirror.
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In order to calculate the optimum length and width of the field mirrors, entrance
beam diameter should be known. If the source provides a divergent light beam, the
divergence and the focal length of the transfer optics should be taken account. The

beam diameter can be calculated by using the following paraxial formula,

(12)

where D is the beam diameter at a distance d from the source’s exit aperture whose
size is 2ro, a is the aperture size, and f; is the focal length of the final mirror which is

an off-axis parabolic mirror.

Since the design was made considering the atmospheric gas absorption studies in the
mid-infrared spectral region, the field mirrors were designed according to the

characteristics of the infrared laser that can be found in the following table.

Table 3 Several beam characteristics of lasers to be used.

) Beam Beam
Light source Type ) ) Wavelength range
diameter divergence
NT242 Ekspla OPO 3x6 mm 10 mrad 210 nm — 2.6 um
NT277 Ekspla OPO 6 mm 10 mrad 2.5 um— 12 um
SuperK Compact ) .
Supercontinuum 1-3 mm collimated 450 nm - 2.4 um

NKT

Since the beam divergence is significant for Optical Parametric Oscillators (OPO),

an off-axis parabolic mirror should be used to collimate the divergent light.

The initial performance analysis was done by using the SuperK Compact White

Light Supercontinuum Laser source of NKT Photonics. Since the beam is collimated,
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the beam diameter measured at the output aperture of the laser is equal to the beam

diameter projected on to the field mirrors.

According to the optimum number of passes calculation mentioned in design
parameters section, it was determined as 6x6 matrix form with 72 passes. Mirror
dimensions should be determined according to the beam diameter and beam
divergence of the laser or other light sources to be used.

While determining the mirror dimensions, not only the clear aperture but also the
chip-zone should be considered, especially since the field mirrors are placed one
above the other. Since the laser source to be used in the experiments produces
collimated light with a beam diameter of 1 mm at a wavelength of 532 nm, its size
on the field mirrors will also be approximately 1 mm. A 2 mm chip zone is left for
each of the small and large area mirrors. Since the distance between the mirrors is
determined as 2 mm, there should be at least 6 mm difference between the beams

formed on the mirror.

Figure 22 Technical drawing of field mirrors T1and T».
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Therefore, for the 6x6 matrix configuration, the dimensions of the T1 mirror with the
chip zone must be at least 28 mm x 5 mm and the dimensions of the T, must be 39
mm X 28 mm. However, the dimensions of the field mirrors have been chosen as 112
mm X 78 mm for Trand 78 mm x 14 mm for T, (Figure 22) so that the design can
also be used with laser sources with much larger beam diameter and beam

divergence.

2.2.1.3 Path Length

The path length that is equal to the radius of curvature of the mirrors is arbitrary.
Since the effective length of the trace gas measurement chamber is 1 meter, at first
the mirrors were designed so that the radius of curvature is 2000 mm long. However,
in our facilities, since the test plate cannot measure the surface of the optics with
their radius of curvature is greater than 600 mm, the design has been changed.
Therefore, with 6x6 matrix arrangement, the optical path length becomes 43.2

meters.

2214 Resolution

In the design, the needed resolution that has an impact on aperture size should also
be considered as the aperture size directly related with the image size on the field
mirrors. The resolution can be expressed as following,

a? (13)

AVgttainabie = 5 Umaximum

where Avg¢rainanie 9iVeS the best and the smallest possible resolution attainable that
can be obtained at all wavenumbers less than v,,aximum- 1N My design, the best
resolutions obtainable according to different spectral ranges are given in the
following table.
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Table 4 Best resolutions obtainable by the multi-pass matrix optical system
according to different spectral ranges.

Spectral Aperture size  AUggrainable  Umaximum Resolution of Spectrometer
range Spectrometer
Maya 450 to
Visible range 1mm 2.31x107 4167 cm™? 0.18 nm 2400 nm Ocean
Insight
FT-NIR Rocket
NWIR range 3mm 1.92x10% 3846 cm 4 cm? 900 to 2600 nm
Arcoptix
FT-IR Rocket 2
MWIR range 6 mm 1.66x1071 833 cm’? 0.5cm? to 12 um
Arcoptix

It is assumed that an off-axis parabolic mirror with 150 mm focal length is used. As
shown in the table, the resolution obtained by multi-pass matrix system is higher than

the resolution of the spectrometers. Therefore, it is limited with the instrument.

2.2.2 The Design Process

The design process starts with defining the initial parameters that include row
number, column number, system width, system height and the base length which is
the distance between the mirrors. Then, by using Equation 11, the number of passes
for the weak lines is calculated and it is controlled whether the calculated pass
number exceeds the maximum value, or not. In addition, ratio of the width of the
field mirror to the number of rows should not be exceed the size of the light beam.
If the parameters are satisfied then, the ray trace simulations via Zemax OpticStudio
can be run. After that, the variables, boundary conditions and the merit functions are
defined and optimized the system. Until the performance analysis becomes good
enough for the system requirements, the previous process is repeated. For this case,

the performance is evaluated with chromatic aberration since the source is white light
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supercontinuum laser; wave front peak to valley (PV) value, and Zernike
coefficients. Then, after tolerancing, the required parameters are defined for
manufacturing process. Figure 23 indicates the general flow of the design process of
multi-pass matrix optical system.

Fix the Initial Configuration

I

Base Length

Environmental

Radius of

T'hermal
Properties

Reflectivity
curvature E

PN —
Coating properties Substrate of the Optics

Zemax Ray Trace
Simulation

Defining Variables, Boundary
Conditions and Merit Funtion

IWI
timization

Performance Analysis

Seidel & Zemike

Chromatic Aberration Wavefront PV value Coefficients Diagram

Tolerance Analysis

Output Results

Figure 23 Flow chart of the design process of multi-pass matrix optical system.
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Ray tracing simulation of the optical system was done in non-sequential mode of
Zemax OpticStudio software. In non-sequential ray tracing mode, optical
components include solids and surfaces, are defined as 3-dimensional independent
objects. In this mode, each object can be placed in the desired position in the
Cartesian coordinate system, with the desired angles. Unlike the sequential ray
tracing mode, this mode does not require a surface to be hit by the traced rays in a
sequential manner. Therefore, the defined rays do not have to hit any part of the
objects. On the contrary, it may hit a specific place or hit the same object multiple
times. Non-sequential mode is generally used in situations where it cannot be
modelled accurately in sequential mode, complex, where the exact path of the beam
cannot be predicted, or where light has to pass repeatedly between optical elements,

such as in a multi-pass matrix optical system.

Non-sequential ray tracing can be modelled by using pure non-sequential mode or
using the mixed sequential mode. In pure non-sequential ray tracing mode, all optical
elements, including detectors, light sources, are in a single non-sequential group, and
the light source is not a point source as in sequential mode, but has a diverse library.
Detectors, on the other hand, are effective in examining various types of data,
including incoherent irradiance, coherent irradiance, coherent phase, irradiance
intensity etc. Mixed mode ray tracing, which is a mix of sequential and non-
sequential ray tracing, is generally used for optical designs where objects that cannot
be identified sequentially need to be identified, but due to the nature of the system,
they must be examined sequentially [52]. For multi-pass matrix optical design, both

mixed non-sequential and pure non-sequential ray tracing mode were performed.

The simulation starts by determining the wavelengths to be studied in the system
explorer using the pure non-sequential mode of OpticStudio. Although the first
design was carried out in the infrared region, which is more significant in
atmospheric trace gas measurement studies, the wavelengths to be studied within the
scope of this thesis were determined to be between 450-850 nm as shown in Figure
24,
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System Explorer @) v - 0O

Update: All Windows ~

~ Wavelengths

» Settings
Wavelength 1 (0,450 um, Weight = 1,000)
Wavelength 2 (0,650 um, Weight = 1,000)
Wavelength 3 (0,850 um, Weight = 1,000)
Add Wavelength

v v v v

Figure 24 Wavelengths section in System Explorer tab.

Next, the multi-pass optics, the detectors to be used, and the light source must be
defined in the non-sequential component editor. The non-sequential component
editor is used to add and delete objects, select object types and properties, and to set
solves and variables. In this tab, the position and angle of the objects in the cartesian
coordinate system can be defined, the radius of curvature, clear apertures and
mechanical apertures, materials and coatings can be determined. An example image

of the non-sequential component editor is shown below:

« Non-Sequential Component Editor: Component Group on Surface 2

Update: All Windows - (@ & 15 el w-Z-0¢a > = @

~ | Object 1 Properties > Configuration 1/1

a Object Type Comment Ref Object Inside Of X Position Y Position Z Position Tilt About X Tilt AboutY Tilt AboutZ Material
1 CAD Part: STEP/IGES/SAT * T2 Rectangle.ST... 0 0 -48,000 0,000 -15,000 V 0,000 V 91,700 V 0,000 ZERO..

2 CAD Part: STEP/IGES/SAT = T1 Rectangle.ST... 0 0 -48,000 -48,000 -15,000 V -1,750 V 88,950 V 0,000 ZERO...
3 Standard Lens * o1 0 0 0000 0,000 600,000 0,050 vV 3,800 V 0,000 ZERO..
4 Standard Lens ~ o2 0 0 -59,000 0,000 600,000 -3.820 V -0.280 V 0,000 ZERO...
5 Standard Lens ~ o3 0 0 -59,000 -59,000 600,000 1,028 V -0,280 V 0,000 ZERO..

Figure 25 Non-sequential component editor in OpticStudio.

The laser source should be defined in the non-sequential component editor. Since the
light source to be used in performance analysis studies is a supercontinuum white
light laser with a gaussian beam profile, it is defined as "Source Gaussian" in
OpticStudio. In the editor, the beam radii at 1/e* point in light intensity of the

gaussian light source was determined as 0.5 mm. It is also necessary to define the
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position parameter, which states the divergence of the light beam. Since laser beams

are collimated, this value is equal to 0.

The position of the light source was determined to pass through the aperture between
T1 and T». Layout rays represent the number of rays seen in the simulation, while

analysis rays show the number of rays to be analyzed by the detector.

The next step is to define the field and objective mirrors in the editor. Since the
objective mirrors have a standard 2 inches concave circular shape, they can be
selected as standard surface or standard lens among the object types, but since the
field mirrors have a special geometry, they cannot be defined as a standard object.

One of the ways to create optical surfaces with non-standard forms in OpticStudio is
to define aperture manually. First, the standard surface is selected as the object in the
nonsequential component editor, then the desired aperture can be defined with the
"edit aperture file" in the "user defined aperture™ section in the object properties tab.
In this method, center of the object is at the origin and edge points of the closed
surface are defined in cartesian coordinate system. Surface apertures for T1 and T»

are defined as given in the Figure below:

T1_aperture.uda v - o x| T2_aperture.uda v - 0O X
HRlGa®mD¢C Ei=A HalGa@mDC Ei=A

LIN -54, -37 LIN -37, -5

LIN -54, 37 LIN -37, 5

LIN 54, 37 LIN 37, 5

LIN 54, -37 LIN 37, -5

BRK BRK

Figure 26 Aperture definition for T, and T> field mirrors.

After determining the radius of curvature, position and the material of the mirror
whose aperture is defined, protected silver coating is selected in the "coat/scatter"

section in the object properties tab. Since there is no Zerodur that is planned to be
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used as a material in the Schott catalogue, the material properties can be entered
manually from the library/material catalogue tab. For this study, no thermal analysis

will be performed, so only the coating on the optics is important, not the substrate.

Another way to define non-standard optical objects in OpticStudio is to import the
objects to be created in CAD programs. The downside of this method is that
parameters such as radius of curvature, size, and thickness cannot be changed, but
since it becomes a 3-dimensional object, it is ideal for analysis such as temperature
etc. Therefore, in this study, after the design was completed, solid models were
created in SolidWorks software and imported into OpticStudio. 3-D models can be

found in the Figure 27:

Figure 27 Solid models of multi-pass mirrors.

The objective mirrors were chosen as standard lenses and their dimensions were
determined to be 2 inches and the chip zone to be 2 mm for mechanical mountings.
The radius of curvature of field mirrors facing +z direction defined as 600 mm and
of objective mirrors facing -z direction as -600 mm. Then, the positions of the objects

in the Cartesian system were determined as given in the table below:
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Table 5 Positions of multi-pass optics in mm.

Object X position y position Z position
Source Gaussian 48 48 0
T1 0 0 0
T 0 48 0
01 48 48 600
O -11 48 600
O3 -11 -11 600

After the light comes out of the source, it first falls in the middle of the O; mirror,
and according to the model, a certain angle must be given to it so that the light

reflected from the surface can fall on the mirror, T». At this point, the position where

the light should fall is calculated and a "detector rectangle™ object is placed at that
point as shown in the Figure 28. The x and y halfwidths of the detector are defined
as 2 mm and the number of pixels as 250x250.

Incoherent
Irradiance

4,81
4,33
3,85
3,37
2,89
2,41
1,93
9 96
0,48
0,00

Incoherent
Irradiance

4,87
l4,39
3,90
3,41
2,92

2,44
1,95

1,46
8,97
0,49
0,00

Figure 28 (a) The detector placed at the point where the light reflected from O
aims to hit. (b) Spot position on the detector before optimization. (c) Spot position
on the detector after optimization.

Y coordinate value

5,0
g.
-5,8
5,0 [

X coordinate value

Y coordinate value

.0 2] 5,0
X coordinate value
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After assigning “variables” to the “x tilt” and “y tilt” parameters of the mirror,
optimization criteria is determined in the optimization wizard tab in the merit
function editor. Since the aim is to direct the laser beam to the middle point of the
detector, “x centroid” and “y centroid” were determined as optimization criteria, the
target was selected as 0 and it was specified which detector would be optimized by
reference before local optimization. An example for merit function editor is given in

Figure 29.

Local Optimization = X
W] Criteria Settings

Detector 9: Rectangle - 1. mirror alignmer Algorithm: Damped Least Squares v | # of Cores: 12 N

Criterion: X Centroid = Targets: 2 Cycles: Automatic v
Boundary: Equal To v Variables: 2 Status: Idle
Target: 0 Initial Merit Function: ~ 0,040447329 Execution Time: 36,110 sec
Minimum Flux: |0 Current Merit Function: 0,000000000
[v] Auto Update ‘ Exit ‘ Save H Load ‘ Reset | @)
v | Wizards and Operands > Merit Function: 1,47057266372169

4 Type Comment

1

2 DMFS~

3 NSDD ~ 1 0 0 0 00. 0,0.. 00.. 0,000 0,000
4 BLNK ~ Non-sequential merit function: X Centroid

5 NSDD~ 1 6 0 0 00. Q0. @O, 0,000 0,000
6 NSTR~ 1 13 0 0 00.. 0,0.. 00.. 0,000 0,000
7 NSDD ~ 1 7 -6 1 00.. 0,0.. 1,0.. -4,650 100,000

(b)

Figure 29 (a) Criteria settings in optimization wizard. (b) Local Optimization tab.
(c) Merit Function Editor.

After defining the criteria in the optimization wizard, the merit function is created
automatically. In Figure 30 (c), operators that allow the light to center the detector
are given. BLNK is used for separating portions of the operand list. DMFS is default
merit function start. NSDD is non-sequential incoherent intensity data and NSTR is

non-sequential ray trace.
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After making sure that the light falls on the point where it should fall on the mirror
T», the detector is removed and placed in the middle of the O> mirror. This time, the
same operations are performed after the variables are assigned to the "tilt X" and "tilt
y" parameters of the mirror T». These processes are repeated until the alignment of
mirrors Oz, T1, Oz is completed respectively. Finally, another detector rectangle is

placed at the point where the light will exit the system for analysis of the beam.

Figure 30 shows the ray trace simulation of the multi-pass matrix optical system

designed via Zemax OpticStudio software. The simulation indicates 72 passes with

6x6 matrix arrangement.

Figure 30 Shaded Model of multi-pass matrix optical system designed via Zemax
OpticStudio Software.

2.2.3 Simulation Analysis

Detector rectangles were placed in front of the laser source and at the exit point of
the laser completing 72 passes. According to the analysis, it was observed that there
were distortions after the transition in the beam with Gaussian profile at the
beginning.
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The spatial irradiance distribution, cross-section graphs (Figure 31) and power

values (Table 6) for the final light beam which completes the transition between the

multi-pass mirrors and the input beam are given below:

Incoherent
Irradiance

7,01
6,31
5,60
4,90
4,20
3,50
2,80
12,10
1,40
0,70
0,00

Y coordinate value

X coordinate value

(©)

Watts/em”2

1,2 -9,8 -8,4 @ 8,4 0,53 2
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-1,6 1, 1,6 2,8

Watts/em 2

2,0 Incoherent

Irradiance

0,374
0,337
0,299
0,262
0,224
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9,150
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9,075

0,037

-2,0 0,000
-2,0 0 2,0

X coordinate value

(d)

A _// -,
1,2 8,8 -84 @ 8,4 @8
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-1,6 1,2 1,6 2,8

Figure 31 Spatial irradiance distribution of simulated incoming (a) and outgoing (b)
gaussian laser beams and cross section graphs of incoming (c) and outgoing (d)
gaussian laser beams.

Table 6 Power analysis of incoming and outgoing beams.

Detector Peak Irradiance Total Power
Input 7 Wicm? 2x102W
Output 3.74 X103 W/cm? 8.55x104 W
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In OpticStudio, reflective coating of the optics has been selected as protected silver
that provide above 95,7% reflectivity (Figure 32) for visible spectral range. The
reduction in the power of the laser beams obtained after 72 passes is the result of the
amount of absorption of protected silver coating. Roughly speaking, since the light
loses approximately 4% of its power in each reflection from the mirror, the final
power of the light beam will be equal to approximately 1o.(95,7 %)’? which is
8.55x10™* W.

Intensity Reflection
(2]
w

[
°.4860,502  ©,5336 0,565  ©,5063 0,628 0,659 0,695 @,722  @,753  ©,7847n.8

Wavelength in um

Figure 32 Reflection vs wavelength graph of protected silver coating in
OpticStudio.

The reflectivity value for the protected silver coating is different at each wavelength,
and as the wavelength increases in the range of 450-850 nm, the reflectivity also
increases. In this case, in spectroscopy studies, lower wavelengths of broadband laser
beams from a super-continuum white light source will reach the detector relatively
less than those with longer wavelengths. Although the spectra of the laser source was
not properly defined in OpticStudio, it has been assumed that it contains all
wavelengths homogeneously between 450-650 nm spectral range. The real spectral

radiation graph of the laser source to be used in performance studies is given below:
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Figure 33 Power density vs wavelength graph of NKT Compact Supercontinuum
White Light Laser [53].

The wavelength graphs against the light intensity obtained from the detectors placed

in the entrance and exit aperture are given in Figure 34.

X = @,6366, ¥ = 1,698€-85
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Figure 34 Intensity vs wavelength graphs for incident (a) and outgoing (b) light
beams.

According to the graph, it is observed that near the wavelength of 450 nm, incoming

rays according to the 72-transition configuration are highly absorbed by the mirrors.
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If the intensity at all wavelengths was not considered the same in the simulation and
the real laser spectrum was used as in Figure 33, only long wavelengths would be
able to reach the detector. Thus, it may not be very suitable to use this system for
materials with low wavelength absorption bands in multiple pass measurements to

be made with this coating.
Figure 35 and Figure 36 show the spatial irradiance distribution of laser beams at

different wavelengths and at all wavelengths between 450 nm and 650 nm.
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Figure 35 Spatial irradiance distribution of laser beams at (a) 500 nm (b) 550 nm
(c) 600 nm (d) 650 nm wavelengths.
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Figure 36 Spatial irradiance distribution of laser beams at 450, 500, 550, 600, 650
nm.

Table 7 Spot information of laser beams at different wavelengths.

RMS Spot . .
Wavelength Radi RMS Spot x RMS Spoty Centroid x Centroid y
adius

0.450-0.516  0.3953812 0.28881433 0.27002332 -0.02133025 0.04514792

0.516 - 0.583  0.3944444 0.28272975 0.27504605 -0.02833959 0.04359940

0.583-0.650  0.3963283 0.28509439 0.27531319 -0.03671505 0.04187253

According to the spot analysis for wavelengths between 450 and 650 nm spectral
range obtained by ray tracing simulation, the RMS and geometric spot deviations at

different wavelengths show slight variation.
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Since this design is not an imaging system, optical aberrations do not have a
significant negative impact. The aberrations are expected to be such that they do not
simply reduce the amount of signal falling on the detector. In this design, since the
output beam is not directly coupled to the fiber of the spectrometer, there is no need
for focusing. Therefore, it is not concerned how the image of the light beam is

distorted after a couple of off-axis reflections.

However, the image quality of the output beam is investigated in terms of Zernike
Polynomials which are all orthogonal over the unit circle and can be used to represent

wave front errors such as coma, astigmatism etc. in optics [54].

In the polar coordinates the wave aberration function can be expressed as a complete

set of Zernike polynomials:

2 (14)
W(p,0) =) a7(p,0),

j=1

where j is the number of the polynomial, a; is the expansion coefficient, Z;(p, 0) is

the Zernike coefficient in polar coordinates which can be expressed as:

2 1
2(p,0) = [f’i—fgmz] R (p)cos mo, =

where n is the radial degree and m is azimuthal frequency, R;*(p) is the radial part
of the Zernike polynomial. Therefore, if m=0, the delta function is 1 and vice versa.

a; is the expansion coefficient can be written as:

1 (12 (16)
aj:Eff W (p, 0) Z(p, 8)pdpdo
0o Y0
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The Table 8 indicates the Zernike coefficients in polar coordinates from 1% to 10™,
their corresponding wave front aberrations and values obtained from OpticStudio

software.

Table 8 The Zernike coefficients and corresponding optical aberrations at 600 nm

wavelength.

j Zi(p,0) Aberration Value

1 1 Piston 0,42183851
2 2p cosO Tilt x -0,00026313
3 2p sin@ Tilty -0,00005185
4 V3 (2p% - 1) Defocus 0,24355073
5 V6 p?sin20 Astigmatism (45°) 0,00029711
6 \/ngCOSZQ Astigmatism (0°) 0,02012239
7 V8 (3p® — 2p)siné Coma x -0,00001830
8 V8 (3p® — 2p)cos6 Comay -0,00009309
9 V8 p? sin36 Trifoil (30°) -0,00001788
10 V8 p3 cos36 Trifoil (0°) 0,00000361

According to the Zernike coefficients obtained from the image surface, piston and
defocus aberrations stand out compared to other aberrations. In optical systems,
piston can be defined as the mean value of the wavefront profile across the pupil and
when the image is out of focus, this aberration is called defocus. However, as noted,
these aberrations have no effect on system performance since there is no imaging
intent. If imaging is needed in another application, the existing optical system can be

worked on or additional optics can be designed to correct the wavefront deviation.
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In addition, the wavefront of the laser beam is also examined in terms of Peak to
Valley (PV). At 600 nm, PV value is 0.8937 and RMS is 0.244 waves as shown in
Figure 37.

Wavefront
Function

0,894
0,804
9,715
09,626
9,536
0,447
9,357
0,268
0,179
9,09
0

Waves

Wavefront Function

Figure 37 Wave front of laser beam.

224 Tolerancing

Before an optical system is produced, tolerances must be made due to errors such as
production, assembly and material. The tolerance process is necessary to determine
how the system will be affected by these faults and to see how these faults will be
applied to the system. There are three operands to tolerance non-sequential objects
in non-sequential mode. The TNPS operator is used for tolerating the positions and
tilts of non-sequential objects, the TNPA operator is used for parameters, and TNMA
is used for material properties. In addition, the CNPS and CNPA operator provide
non-sequential object positions/tilts and parameters to be assigned as compensators
[55].
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In non-sequential mode tolerance analysis, the variables are defined only by
compensators. Therefore, all variables used during optimization should be removed.
Then, it is necessary to evaluate the errors that may cause the manufactured system
to perform worse than the optimized system. These errors are manufacturing errors,
the location and direction of the optics, the location and direction of the light source,

the location and direction of the detector, and mounting errors.

. Tolerance Data Editor v - 0O X
@ s 2xm 3 C® S+ @

v | Operand 5 Properties =<

4 Type Nominal Comment
1 TNPS ~ 1 3 1 48,000 -0,200 0,200 x position of O1

2 TNPS ~ 1 3 5 3,800 -2,000E-03 2,000E-03 y tilt of O1

3 TNPA ~ 1 3 1 -600,000 -2,000E-03 2,000E-03 radii of curvature of O1
4 TNPA ~ 1 B 2 0,000 -2,000E-03 2,000E-03 conic constant of O1

Figure 38 Tolerance data editor in OpticStudio.

For the multi-pass matrix optical system, the errors that will affect the system may
be the radius of curvature, the size and the conic constant of the mirrors. However,
since the system is inherently flexible, all these errors are manually tolerable during
optical setup. For example, the distance between the mirrors must be equal to the
radius of curvature of the mirrors. In this case, if the radius of curvature of any mirror
is produced more or less than the desired value, the problem can be solved by
adjusting the distance according to this value. However, this only applies to desktop
prototypes that allow flexible positioning. On the contrary, if the mirrors of the multi-
pass matrix optical system are to be mounted on the inner walls of the atmosphere
chamber, then the focal properties of the beam will be lost, so an increase in the
diameter of the beam emerging from the system can be observed. Therefore, it is
necessary to evaluate the possible faults that may change the performance of the

system.
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Next, the tolerance settings need to be defined. In this study, tolerancing was done
using sensitivity analysis and Monte Carlo simulation. The sensitivity mode
calculates the change in the tolerance criterion for each of the extreme values of the
tolerances that have been set as the minimum and maximum in the tolerance data
editor. The tolerance criterion is defined as the merit function in the tab labeled

‘Criterion’ given in Figure 39 (b).

Tolerancing
- Tolerancing
Criterion Made: | Sensitivity ~ | Polynomial: | None o Set-Up
Monte Carl Criterion:  Merit Funetion v 50 Check
onte Larla Cache:  Recompute All | Change: Linear Difference e
Classic E g Monte Carlo Sampling: 2 MTF Frequency: 30
#of ;|1 v Classic
of Cores 2 Comp: None ¥ Configuration  1/1
Force Ray Aiming On
) ) Fields:  User Defined Cycles: Automatic
Separate Fields/Configs
Script: aduz2 tsc Edit New
Open Tolerance Data Viewer on Completion P
[] save Tolerance Data: Multi-pass matrix optical
| Save H Load ‘ Reset | ‘ OK | Cancel H Apply ‘0 | Save H Load ‘ Reset ‘ ‘ OK ‘ Cancel H Apply ‘0

Figure 39 (a) Set up section and (b) criterion section in tolerancing tab.

Then, tolerancing can be started. After all tolerances have been calculated, the
software provides various statistics including estimated change and performance in

the specified criteria.

Tolerancing

Set-Up

Criterion # Mante Carlo Runs: 50 Statistics: | Mormal -
# Monte Carlo Save: o] File prefix

Classic /| Save Best and Worst Mante Carlo Files

] Overlay Monte Carlo Graphics

| Save | Load I Reset | OK ‘ Cancel ‘ Apply IQ)

Figure 40 Monte Carlo section in tolerancing tab.
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While "sensitivity" analysis in tolerance analyzes the effect of each parameter on
system performance separately, Monte Carlo analysis simulates the effect of all
disturbances at the same time. Similar to the sensitivity in Monte Carlo simulation,
first of all, tolerances are defined in a certain range for the required parameters. Then
the Monte Carlo simulation takes place in this defined range by choosing random
values according to a statistical model.

After the tolerance analysis performed in OpticStudio, the manufacturing parameters
given in the Table 9 are determined.

Table 9 The basic properties of multi-pass matrix optical system after tolerancing

analysis.
Specification T1 T2 01, Oz, O3
Radius of curvature 600 £0.02 mm 600 +0.02 mm 600 + 0.02 mm
Dimension 112mmx 78 mm 78 mm x 14 mm 50.8 mm
Surface quality 20/10 20/10 20/10
Surface roughness 10 A RMS 10 A RMS 10 A RMS
Clear aperture 108 mm x 74 mm 74 mm x 10 mm 46.8 mm
Irregularity (P-V) M4 M4 M4
Tilt 15 arcsec 15 arcsec 15 arcsec
Material Zerodur Zerodur Zerodur

15 mm +0.05 15 mm +0.05
Center Thickness 4mm +0.05 mm
mm mm
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The quality of an optical surface is defined by surface imperfections called scratch,
pits and digs. Although these defects do not have significant effects on optical
performance, they increase the amount of light scattered from the surface. Scratches
are determined by comparing the scratches on optical surface determined as standard
in illuminated conditions according to specified standards. Dig is explained by
dividing the dig diameter in microns by 10. 80-50 Scratch/dig is typically considered
as standard quality, 60-40 as precision quality, and 20-10 as high precision quality.

The irregularity of optical surfaces is a term used to determine how much the surface
form deviates from the reference surface form. The regularity measured with an
interferometer or test plate refers to the sphericity of the circular fringes, which are
the interference patterns of the reference and measured surfaces.

Surface roughness, unlike surface irregularity, is a parameter used to specify small-
scale irregularities of the optical surface. The roughness is formed during surface
polishing process in the optical production. Since rough surfaces are susceptible to
rapid wear, they are prone to forming small cracks or imperfections. Therefore, it is
a parameter to be considered for applications such as laser. Standard manufacturing
tolerances for surface roughness are rated at 50 A RMS for typical grade, 20 A RMS
for precision grade, and 5 A RMS for high precision grade. For the multi-pass matrix

optical system, this value is determined as 20 A [56].

2.3 Production of the Optical System

Since the ray trace simulation obtained from Zemax OpticStudio software provides

sufficient results and minimum loss, the final specifications given in the Table 9 are
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determined for manufacturing. The optics were produced in Worldhawk Optics
(China).

The photographs of the multi-pass optical system, the production processes of which
have been completed and ready for use, taken in the Photonics Technologies and

Spectroscopy Laboratory are given in Figure 41.

Figure 41 Photographs of the multi-pass matrix optical system in operation in
different number of passes configurations. (a) and (b) field mirror group. (c)
objective mirror group.

2.3.1 Materials of the Optics

Since the final tests will be carried out in the atmospheric trace gas measurement

system, the mirrors must be resistant to extreme temperature conditions ranging from
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-100 °C to +100 °C. Therefore, all optics inside the chamber are made of Zerodur
[57] with a thermal expansion coefficient of 0.05 + 0.10x107¢/K from 20 °C to 300

°C.

Zerodur which is a homogeneous, inorganic, non-porous lithium aluminum silicon

oxide glass ceramic, has high strength and small defect rate compared to other optical

glasses. However, since the optics that will be outside the atmospheric trace gas

simulation system are not exposed to extreme conditions, fused silica was chosen as

the raw material for it.

Table 10 Specifications of silver and gold coating.

Type of coating

Wavelength Range

Reflection

Specifications

Typical Energy
Density Limit

Protected Gold

2000-10000 nm

Ra\/g >96%

450-2000 nm Ravg >98% 0.5J/cm? @ 532nm
Ravg >98% & 1064nm, 10ns
Protected Silver
2000-10000 nm
Ravg >96% 0.3 J/cm? @ 532nm
Ultrafast Enhanced Silver 600-1000 nm & 1064nm, 10ns
700-2000 nm Ravg >96% 0.8 Jem®* @

1064nm, 10ns

Bare Gold

700-800 nm
800-20000 nm
2000-12000 nm

Ravg >94%
Ravg >97%
Ravg >98%

Silver and gold coating options were evaluated for the multi-pass optical system,

especially due to their high reflectivity in the infrared region. Although silver coating
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has a harder structure than gold coating, gold shows better durability. In addition,
since silver coating is six times more economical and has slightly higher reflectivity
than gold coating, optics were coated with silver. The reflectivity provided by silver
coating is more than 98% in the 2 um to 12 um spectral range required for trace gas

atmospheric spectroscopy studies.

The typical energy density limit given in the Table 10 refers to the laser damage
threshold, giving the maximum amount of laser power per area that a surface can
withstand before being damaged. This is a very important material property for
multi-pass mirror optics because the laser beams will fall on the same point of the
mirror in the specified number of passes configuration, and it will cause damage on
the mirror over time. For example, the energy density limit given in the table below
means that the silver mirror can withstand energy densities of 0.5 J per square

centimeter for 10 nanoseconds at wavelengths of 532 nm and 1064 nm.

Although silver comes to the fore with its high reflective feature, it is a structurally
problematic material to manufacture and protect. Even though, silver has a very
stable structure as a bulk, when it is produced as a thin film, it deteriorates very
quickly and becomes unstable. For this reason, it is never coated in bare form, it must
be coated as protected or enhanced to strengthen the structure. If the silver coating is
not protected, it starts to deteriorate as soon as it interacts with the atmosphere after

coating process in vacuum environment.

Figure 42 gives Stereo and Nomarski microscope measurements of surface of multi-
pass mirrors from different points. The coatings were examined with microscopes
approximately 6 months after they were produced. According to the investigations,
the coating tends to deteriorate as a result of oxidation. The tendency of deterioration

in areas with scratches and mirror edges is higher than in other regions.
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Figure 42 Microscope measurements of multi-pass matrix optics. (a) Left edge of
mirror T1, 10x magnification, Stereo microscope. (b) Edge of O1, 10x magnification,
Stereo microscope. (c) Top edge of T1, 5x magnification, Nomarski microscope. (d)
Middle of T1, 5x magnification, Nomarski microscope. (e) A scratch on Oz, 50x
magnification, Nomarski microscope. (f) T, 5x magnification, Nomarski
microscope.
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The reflectivity of silver coating was measured with The Agilent Cary 7000 universal
measurement spectrophotometer (UMS) from 6° and 45° degrees. Reflectivity
measurements could not be measured directly by the original mirrors due to the
geometry of the optics. For this reason, measurements were made on a 1-inch flat
dummy surface coated in the same coating chamber with multi-pass optics. Figure
43 indicates the reflectivity vs wavelength graph of protected silver coating for 6°
and 45° angles. According to the graph, between 400 and 2400 nm which cover UV-
VIS-NIR spectra, the average reflectivity is above 98% as expected.
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Figure 43 Reflectivity vs wavelength graph of protected silver coating of multi-
pass mirror matrix system from 300 nm to 2500 nm spectral range.

In order for silver to reach this reflectivity value, it needs to be coated on the surface
by 100-200 nm, but after these thicknesses, maximum reflectivity has been reached,
and it does not make sense to coat more. However, silver cannot be directly coated

on optical surfaces due to its atomic structure. For this reason, it should be coated
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with an intermediate material called "magic layer" or "adhesion layer" about a few

nm between the silver coating and the optical surface.

5A C\rN, 5A NICrN,
\ 1004 SiN, \\_ 100A SiN,
1200A Ag 1200A Ag
200A NiCr 200A Cr
Si Substrate Si Substrate

Figure 44 The layers and thicknesses given as an example of silver coating [58].

After the reflectivity measurements of the optics supplied from Worldhawk company
were made, surface characterizations and radius of curvature measurements were
also carried out with the Zygo test-plate. Test plates are used as reference for testing
surface flatness, strength, irregularity and radius of curvature. The transparent test
plate used as a reference is placed on a polished surface and flatness is verified. Two
surfaces in contact are illuminated using a monochromatic light and an estimation of
the surface morphology is made based on the fringes formed on the test plate. The
analysis of the surface is determined by the number and irregularity of the fringes in
the formed fringe map. It is an effective method to determine whether the required
values such as irregularity and roughness are met at every stage of optical production.
In this way, optical manufacturers determine whether the surface needs more

polishing.

Automatic polishing benches are required for form correction in order to reduce
surface irregularities on optical surfaces to ratios such as A/8. Although it is more
possible to obtain low irregularity in the middle of the optical surface in conventional
polishing, it is difficult to obtain these values due to distortions towards the edges of
the optics. Therefore, 1A irregularity is considered typical quality, A/4 irregularity

precision, and A/20 high precision. A fringe corresponds to '2 of a wave.
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Table 8 shows the surface morphology and analysis of multi-pass matrix optics.
According to the surface characterization results, all surface properties and
especially the irregularity (PV) and roughness (RMS) values were quite outside the

expected values.

Table 11 Surface map of multi-pass matrix optics with surface irregularity (PV)
and roughness (RMS) values.

Surface Map Analysis
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The centering, surface quality and the amount of tilt could not be investigated due to
lack of characterization instruments. Table 9 gives the specifications of multi-pass
matrix optics after fabrication.

Table 12 Specifications of the optics of multi-pass matrix system after
manufacturing.

Specification T1 T2 01, Oz, O3
Radius of curvature 598.516 599.235 600.898
Dimension 112 mm x 78 mm 78 mm x 14 mm 50.8 mm

Surface quality - - -

Surface roughness 0.3577 fr 0.144 fr 0.134 fr
Clear aperture 108 mm x 74 mm 74 mm x 10 mm 46.8 mm
Irregularity (P-V) 2.3469 fr 0.978 fr 1.005 fr
Tilt - - -
Material Zerodur Zerodur Zerodur
Center Thickness 15 mm 15 mm 4 mm

2.3.2 Optomechanical Mounts

All the optomechanical mountings are provided by Thorlabs and Edmund Optics for
tabletop prototype. The ultimate mounts will be designed by considering the
conditions such as extreme temperature and pressure required for the atmospheric
trace gas spectroscopy. However, the material of purchased optomechanics was

chosen to be high vacuum compatible until 10° Torr and operable between -30 °C
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and 100 °C temperatures. The provided optomechanics are 2 inches kinematic mirror
mounts, plates for attaching field mirrors, kinematic holders to which the plates are
fixed, linear stage to adjust focal point, and common tools such as posts, post holders
and clamping forks.

Due to the non-standard geometry of the field mirrors, it was not possible to find
ready-made optical holders. For this reason, a vacuum-operable plate was selected
in accordance with the dimensions of the mirrors and attached with the help of an
adhesive suitable for vacuum applications. In order for the system to work in
different pass number configurations, it should be tilted at different degrees specific
to each pass number. For this reason, the attached plate is fixed to another kinematic
holder, which can be tilted in 3 axes, with the help of posts.

The bonding process was done very carefully in order not to deteriorate the wave
front properties of the optics. As the system does not need imaging, wave front
distortions are of little importance for spectroscopy measurements, but for other
applications this bonding method is not suitable at all. Below are the surface

characterization measurements of one of the optics before and after bonding.

-2376 nm 2 . 6305 nm \\ yal

PV: 822.6 nm RMS: 154.0 nm  Py: 11565 nm RMS: 211.6 nm

124192 pix 15.89 x 9.61 mm 148873 pix 15.89 x 11.43 mm
(a) (b)

Figure 45 Surface maps of field mirror T1 before bonding (a) and after bonding (b).
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Table 13 PV and RMS values of surface of T1 before and after bonding process.

Measurement PV RMS
Before bonding 2.3469 fr 0.3577 fr
After bonding 3.0927 fr 0.5129 fr

As a result of bonding the mirror T to the plate, a serious decrease is observed in
the irregularity (PV) and roughness (RMS) of the surface.
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CHAPTER 3

EXPERIMENTAL RESULTS AND PERFORMANCE ANALYSIS

In the Chapter 3, the mathematical model, experimental setup and performance
studies of the multi-pass matrix optical system, whose design, ray trace simulation,
aberration analysis, production and post-production surface characterization have
been completed, are explained. The performance of this system, whose ultimate
purpose is atmospheric trace gas spectroscopy, is achieved by extinction
spectroscopy of molecular absorber and scattering microparticle in a quartz
absorption cuvette placed between two mirror groups on the optical path in an open

atmosphere environment.

Measurements of different concentrations of molecules and microparticles in the
liquid solvent were carried out at an optimally determined number of passes provided
by the optical system. In addition, for the molecular absorber, measurements were
taken and analyzed with different transition numbers at constant concentration. The
performance of the optical system was evaluated in terms of the detection limit
(LoD), which is the lowest concentration of molecules and scattering microparticles
that can be detected by the system. Morever, the extinction coefficients for the crystal

violet molecule were calculated and compared with the literature.

3.1 Instruments and Experimental Setup

Both the measurements of molecular absorber and scattering microparticle were
done in almost the same experimental setup whose schematic and 3D representation

is given in Figure 46 and Figure 47.
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Figure 46 Schematic representation of experimental setup.
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Figure 47 3D representation of experimental setup.
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In the experiment since it is aimed to measure the visible spectrum of the molecules
and scattering microparticles in broadband range, a supercontinuum white light laser
(SuperK Compact, NKT Photonics, Denmark) is used. The total power of the laser,
which gives diffraction limited light between 450-2500 nm wavelengths, is 110 mW,
and its power between 450-850 nm wavelengths is around 20 mW. However, the
laser was never used at maximum power during the experiments, and it was generally
operated at around 50% of power. The collimated beam diameter of the laser is
approximately 1 mm at 530 nm wavelength. Other optical properties of the

supercontinuum laser can be found in Appendix A.

All optics that transfer the laser beam to the multi-pass matrix optical system are
coated with protected silver to minimize the power loss of the laser light. Due to
molecular absorbers active in the IR range, the distance between the transfer optics
is kept as short as possible in the case of measurements in the infrared spectrum with

this system.

For the extinction spectroscopy experiments, a large absorption cuvette was
purchased from Hellma Analytics. The cuvette was chosen to be large enough to
cover all rays passing through the multi-pass mirror system and to be transparent to

visible wavelengths. The specifications of the cuvette are given in the table below:

Table 14 General properties of absorption cuvette [59].

_ . Refractive
Cuvette Volume Size Wavelength  Pathlength Material Ind
ndex
Visible
Hellma 600000 143 x 3.5x50
(360 - 2500 50 mm Quartz 1,544

700-061-10 ul mm3
nm)

A magnetic stirrer was placed at the bottom of the cuvette so that the scattering

microparticles were aggregated as little as possible and suspended in the liquid
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solvent. The mixing speed was determined in such a way that the microplastics were
homogeneously spread in the liquid solvent and did not create vortex. The same

speed was used for all experiments.

The extinction spectrum of the molecules and microparticles were observed with VIS
Spectrometer (Maya, Ocean Optics, USA). The wavelength range of the
spectrometer is 450-2000 nm, the spectral resolution is 0.18 nm FWHM and
integration time is 7.2 ms—5s.

3.2 Trace Detection of a Molecular Absorber

In a multi-pass matrix optical system with a cuvette filled with an absorber molecule
in its optical path, the transmissivity of the molecules can be represented by a

mathematical model.

In the Figure 48, one round trip of the incident beam of light inside the multi-pass
matrix optical system is represented. The numbers 1, 6, 8 and 13 show the air
environment; 2, 5, 9 and 12 indicate the air-quartz interface; 3, 4, 10 and 11 illustrate

the quartz-water interface; 7 and 14 show the air and multi-pass mirror interface.

Quartz
Cuvette
Incident
i { e + 2B d] 5 ..o » B s 7 (3:’}““"1“
Mirror
Air Water Air
Field
mirror 14 €====== 13 mmmm=- 12| 114----- 10 |9 §=smune 8 ()l)j(‘(‘ﬁ\'(‘
T'he ray Mirror 2
completed 1
round trip

Figure 48 A round trip of ray of light inside the multi-pass matrix optical system.
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In the experiment the reference measurements were done with a cuvette filled with
distilled water. Therefore, the reference intensity value after one round trip can be

written as following:

E (17)
1_[ Iy (1 - RQ11)(1 - R‘121)(1 - RCI12)(1 - Rsz)(l - RO1)(1
i=1
_ RT ) e—Zaalle—4aqde—20wle—2cralz
2
n=axbhb (18)

where, n is half of number of passes which is equal to multiplication of number of
rows (a) and number of columns (b) on the field mirrors, I, is the incident ray of

light, R, is the reflectivity of the first surface of the first wall of quartz cuvette,

d11

Rg,, is reflectivity of first surface of the second wall of quartz, R, is reflectivity of

second surface of first wall of quartz, R, _is reflectivity of second surface of second

q22
wall of quartz, Ry, is the reflectivity of the mirror O1, Ry, is the reflectivity of the
mirror T2, oa iS the extinction coefficient of air, oq is the extinction coefficient of
quartz, ow is the extinction coefficient of water, [, is the approximate distance
between field mirrors and quartz cuvette, d is the thickness of the walls of quartz
cuvette, | is the effective width of the quartz cuvette, [, is the approximate distance

between objective mirrors and quartz cuvette.

If the reflectivity of the walls of the quartz cuvette and the reflectivity of the multi-

pass mirrors are assumed to be the same, the equation 17 can be expressed as,

2 (19)
Iref — 1_[[0 (1 _ Rq)4(1 _ Rmp)ze—20alle—4—0qde—2crwle—20alz
i=1
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where Rmp is the reflectivity of multi-pass optics, Rq is the reflectivity of quartz
cuvette. When the cuvette is filled with the absorbance material, one round trip of
the beam of light can be written as:

; (20)
I = 1_[[0 (1 — Rq)4(1 — Rmp)ze—Zaal1e—4aqde—ZJWle—ZGAcAle—zgalz

=2
OEgxtinction — UAbsorption + UScattering (21)

where c, is the molar concentration of molecular absorber, oa is the extinction
coefficient of molecular absorber which is equal to the sum of absorption coefficient
and scattering coefficient. Although the molecules have also Rayleigh scattering,
when the light wave travels at visible wavelength, it is considered as negligible.
Therefore, the extinction coefficient of molecular absorber can be assumed as
absorption coefficient for this case. The ratio of Equation 20 to Equation 19 gives

the transmission of the molecular absorber inside the cuvette:

I B H7i1=1 10 (1 _ Rq)4(1 _ Rmp)ze—Zaal1e—4aqde—2crwle—ZaAcAle—Zcralz (22)

Iref H?=1IO (1- Rq)4(1 _ Rmp)ze—ZJalle—40qde—20wle—20alz

T = e—ZO'ACAl (23)

Since the light passes through the multi-pass system at least two times, the
transmission of the light is calculated as in Equation 23. According to Beer

Lambert’s law, the absorption (A) can be found as:

A=—logT (24)
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Experiments were carried out using crystal violet molecule in water solution as
molecular absorber. CV purchased from Sigma-Aldrich was of analytical grade and
used without further purification. All solutions were prepared using 17.2 MQ cm

ultrapure water produced by a water purification system in experimental procedures.

Figure 49 gives the experimental setup of measurement system for trace amounts of

molecular absorbers.

Figure 49 Photograph of the experimental setup of measurement system for trace
amounts of molecular absorbers.

In the first part of the experiment, the absorption spectra were measured at different
number of passes for 108 M crystal violet - water solution. According to the
normalized spectra of CV, the absorption amount for different number of passes at
several wavelengths were recorded and normalized absorption vs number of passes

graphs are plotted as shown in the figures below:
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Figure 50 The normalized absorption vs number of passes graph of crystal violet
with the concentration of 108 M at 509.5 nm wavelength.

The normalized absorption vs number of passes graph for crystal violet molecules
with 10® M concentration at 509.5 nm wavelength were obtained from the
measurements of multi-pass optical systems (black dots), and measurements of
Zolinger et. al. [60] (red dots).

The extinction coefficient calculated by Zolinger et. al. was reported as 112000 cm”
/M at 509.5 nm. The absorption coefficient can be calculated according to Beer’s

law by using the slope of the graph.

= ocl (25)

S

where A/n is equal to 0,00825; ¢ is 108 M, | is 5 cm; then the absorption coefficient
of the CV molecule at 509.5 nm is 164800 cm™*/M.
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Figure 51 and Figure 52 show the normalized absorption vs number of passes graphs
of CV with 10® M at 545.2 nm and 592.0 nm respectively.
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Figure 51 The normalized absorption vs number of passes graph of crystal violet
with the concentration of 10® M at 545.2 nm wavelength.
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Figure 52 The normalized absorption vs number of passes graph of crystal violet
with the concentration of 10 M at 592.0 nm wavelength.
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In the rest of the theoretical calculations, the values of the extinction coefficients at
different wavelengths are obtained from the PhotochemCAD [16] software and its
database. To obtain the synthetic absorption spectra of the molecules, the database
uses Lorentzian, Gaussian or Delta functions and existing spectra [61]. The database
was created by interpolating the absorption spectrum for crystal violet, based on the
measurement taken by Zolinger et. al. at 509.5 nm. Then by using the normalized
absorption spectrum provided by database, the extinction coefficient was calculated
for 545.2 nm and 592.0 nm which is the peak absorption wavelength of CV.

Then, absorption measurements were made at different concentrations from 107 to
2.5x10° M in order to calculate the minimum concentration at which the CV
molecule could be detected by the measurement system with 32 passes. The
normalized absorption spectra of the crystal violet with respect to wavelength at

different concentrations is given in the Figure 53.
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Figure 53 Normalized absorption vs wavelength graph of crystal violet for different

concentrations.
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3.3  Trace Detection of a Microscopic Scatterers

The amount of extinction caused by scattering microparticles also obeys Beer-
Lambert's law, which is used to determine the amount of absorption caused by
molecules. As expressed in Equation 21 in the previous section, the extinction
coefficient is the sum of the absorption and scattering coefficients. For molecular
absorbers such as CV, the absorption coefficient is more dominant, while for
dielectric particles such as scattering microparticles, scattering is the main extinction
factor. Practically speaking, the absorption coefficient of the scattering microparticle
is almost zero. The scattering depends on the particle size and the surface roughness
of the particles. However, since there is not sufficient information about the surface
structure and size of the particles, in this study no scattering analysis based on these
properties was performed.

In this experiment, polypropylene (PP) type microplastics used as microscattering
particles were supplied from Petkim Inc. The general characteristics of the sample is
given in the table below:

Table 15 Several specifications of PP type microplastics.

Scattering microparticle Type Dimension Molar Mass Density

Polypropylene (PP) Primary <100 pm 354.6 g/mol 0.92 g/cm?®

In this experiment, the extinction spectra of microplastic particles were measured in
ethanol-water medium. The reason for choosing this mixture is to ensure that PP,
with an average density of 0.92 g/cm?, is suspended in the liquid medium and
dispersed homogeneously in the absorption cuvette. The mixture was obtained by
taking 30% of ethanol with a density of 0.789 g/cm®and 70% of water with a density
of 0.997 g/cm®. The density of the mixture obtained was determined as

approximately 0.934 g/cm® which allows the particles were homogeneously
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dispersed since it was almost equal to the density of PP. In addition, the cuvette is
additionally placed on a magnetic stirrer so that the multi-pass laser beam can

encounter an equal amount of particles at every point it passes through the cuvette.

Figure 54 gives the experimental setup of measurement system for scattering

microparticles.

Figure 54 Photographs of PP type microplastics inside the cuvette.

The extinction spectra measurements of microplastics were carried out in 12
different masses ranging from 0.001 grams to 0.1 grams. The molarity of the
microparticles in the water-ethanol mixture was calculated according to the masses

to be used in the experiment.

The extinction measurements were made at different concentrations from 4.7x10*
to 4.7x10° M in order to calculate the minimum concentration at which PP could be
detected by the measurement system with 32 passes. The normalized extinction
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spectra of the polypropylene with respect to wavelength at different concentrations

is given in the Figure 55.
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Figure 55 Normalized extinction vs wavelength graph of PP type microplastics
according to different concentrations.

3.4 Limit of Detections

Limit of detections (LoD) can be defined as the lowest concentration or amount of

analyte in the test sample which can be reliably distinguished from zero [62].

To determine the lowest detectable concentration of both crystal violet and
polypropylene, the concentrations mentioned in the previous sections were
individually prepared. In order to increase the measurement reliability; the location
of the instruments, including the fiber cable of the spectrometer, the transfer mirrors,

the mirrors of the multi-pass optical system, was not changed according to the
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initially installed configuration. In order to be able to change the concentrations
required for the measurements, the cuvette was removed each time to prepare for the
next experiment. However, great care was taken to put it back in place at the same
angle and position.

Reference measurements prepared with a water-filled cuvette for a CV and a water-
ethanol-filled cuvette for MP were repeated in both different concentration
measurement experiments. Since it was observed that the reference measurements
were compatible with each other, the experiment was completed by taking safe

measurements.

The lowest detectable concentration was obtained from the extinction spectra
measured at different concentrations for both molecules and the microplastics. To
find the average absorption amount of CV, an integer was obtained by calculating
the integral of each curve corresponding to the spectra at different concentrations in
the 450-650 nm spectral range and dividing by the total wavelength. For microplastic
measurements, similar calculations were made by considering the spectral range of
450-840 nm. Noise were recorded several times in an environment where the
spectrometer could not receive signals from anywhere. The baseline was calculated
by considering the noise of the spectrometer and the instability of the laser. By taking

the standard deviation of the noise measurements, the baseline was determined.

Baseline and spectrally averaged extinction amounts were plotted on the same graph,
and the intersection points determined as the lowest detection limit were taken. The
lowest detection amount for CV was measured as 2.5x10° M, while for PP type

microplastics it was measured as 1.68x10° M.
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CHAPTER 4

DISCUSSION & CONCLUSION

In this thesis; the design, production and performance anlaysis of a Chernin cell
based multi-pass matrix optical system intended for atmospheric trace gas
spectroscopy are presented. According to the simulation analysis carried out with
Zemax OpticStudio Software, zero geometric loss, ignorable astigmatism, preserved
focal properties compared to original White cell design and small off-axis angles are
accomplished. Then the system was constructed according to the design parameters
and tolerance analysis obtained from simulation results. The performance analysis
were achieved by performing extinction spectroscopy of CV and PP in a optical
cuvette large enough to cover the area the light rays cycling inside the cavity formed
by the objective and field mirrors. Finally, the limit of detection values for both
molecular absorber and scattering microparticle were calculated from spectrally

averaged extinction vs concentration graphs.

The multi-pass matrix optical system is not an imaging system. Therefore, the
distortion of the waveform of the laser beam, which passes through the cavity
between the mirrors many times, does not affect the system performance. The most
important thing in the spectroscopy studies carried out is that the amount of photons
falling on the detector does not decrease due to optical design reasons. For this

reason, it is aimed to have zero geometric loss with the right design parameters.

The second condition evaluated from the analysis studies is that the wavelengths
contained in the supercontinuum white light laser source used, do not suffer from
chromatic aberration at the system output. For this reason, geometrical and RMS
deviations of different wavelengths were evaluated on the detector located at the exit

aperture of the multi-pass matrix optical system. As a result of the analysis, it was
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evaluated that the geometrical loss and the chromatic aberration was negligible for

spectroscopy studies.

The ultimate purpose in this study is to reduce the limit of detection of the
measurement as much as possible by detecting trace amounts of sample in liquid
solution or atmospheric gas environment with high sensitivity and accuracy.
According to the working principle of the system, this is possible by increasing the
optical path through which the light passes. Since the optical path extension will
cause the sample to be measured to be exposed to more light, more absorption will
occur. In this way, measurement can be performed above the detection limit of the
detector. One way to extend the optical path is to increase the inter-mirror cavity
length. To accommodate, this approach will require increasing the radius of
curvature of the mirrors. However, increasing the radii of curvature too much makes
the optical system sussceptible to aberrations. During the production phase of the
optics, while the optical surfaces are lapped, measurements must be made with a test
plate or interferometer at every stage to control the radius of curvature and surface
irregularities. Since the optics must be placed at the focal point during the
measurement, a special test plate would be required for optics with a very large radii
of curvature. Surface characterizations would not be possible with a standard test
plate, thus the production would become technically challenging and the cost would
dramatically increase. During the design phase of multi-pass matrix otical system,
initially the radius of curvature was determined as 1000 mm, it had to be changed to
600 mm for aforementioned reasons. Ultimately for industrial applications, it is best
practice to discuss with optical production engineers whether the system can be

produced or not during the design process.

A second way to extend the optical path is to increase the number of rows and
columns on the field mirror. This is only possible either by using a larger mirror with
the same beam diameter or by using a smaller laser beam diameter using the same
mirror size. Since the substrate of optics is chosen to be resistant to extreme
conditions such as very high temperatures, it is a material that is both difficult to

supply and very expensive compared to standard optical glasses. Likewise, silver or
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gold is generally preferred for high reflectivity, so the cost of coating is also high. In
addition, since the weight of the optics will increase as the amount of material
increases, the optomechanics must be durable enough to carry the weight of the
optics; adding to cost. For these reasons, enlarging the mirrors will increase the
amount of material used, the production price and weight considerably marking this

solution not suitable.

As mentioned, another alternative way to lengthen the path is to reduce the diameter
of the laser beam. Broadband laser sources are preferred for spectroscopy studies
since they allow for faster spectroscopic scans. However in this case, standard lenses
cannot be used to collimate the light or reduce the beam diameter, since each
wavelength will refract at a different angle because of the wavelength dependency
of refractive index of the lens, which would cause chromatic aberrations and even
geometric losses. For this reason, concave and off-axis parabolic mirrors should be
used to reduce and collimate the beam diameter. In any case, the extra optics used
would make the optical system more complex and costly. It is also possible to reduce
the diameter of the beam by limiting the light with the help of an aperture, as used in
this experiment setup, to ensure that it reaches the desired dimensions. Nevertheless,
in this case, the power of the light is lost to an extent. To compansate, the laser source
must be able to produce light at high powers and the reflectivity of the coatings used

in the multi-pass mirror system must be as high as possible.

Despite of enhancing the optical path is geometrically possible by increasing the
number of beams on the field mirror, it is restricted by the amount of absorption of
the mirror surfaces. As they have 98% reflectivity for between 2 and 12 um
wavelength range, 2% of power will be lost in each reflection, so when the number
of passes reaches a certain point, the total absorbance of the mirrors overcomes the
detectable absorption amount of the sample to be tested.
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Reflectance Curves for Metallic (Mirror) Coatings
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Figure 56 Reflective curves for metallic mirror coating [63].

Although the multi-pass matrix optical system is designed for 72 number of passess
calculated as optimal for weak absorption lines, it is a design in which more number
of passes configurations can be applied. With this system, a maximum of 288 passes
can be obtained with the 12x12 matrix array, which ensures the optical path length
is approximately 173 meters despite a cavity length of 0,6 meter. Maximum path
length can only be achieved using coating with 98% reflectivity and supercontinuum

laser source with maximum power and submillimeter beam diameter.

In atmospheric trace gas absorption studies, since the absorption bands of each gas
type are of different wavelengths, the mirror coatings were chosen to provide an
average reflectivity in the broadband. However, in a study where the specific
absorption wavelength is determined, the number of transitions can be increased
dramatically by increasing the reflectivity if a special coating is used for that

wavelength.

Since the cuvette is not coated with antireflective coating, the huge amount of power
is lost because of the surface reflections which limits the number of passes. For the
experimental setup in this study, the optimum number of passes have been

determined as 32 with 4x4 matrix array arrangement.
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Figure 57 48 passes with 6x4 matrix arrangement. In this configuration quartz
cuvette filled with water was placed in the optical path between field and objective
mirrors.

Figure 57 shows 48 passage configuration with 6x4 matrix arrangement when the
quartz cuvette is placed in the optical cavity between the field and objective mirror
groups. Due to the back reflection from the surface of the cuvette filled with water,
on the the field mirrors both original laser beams that aim to reach to the detector
and back-reflected beams are shown. In this configuration, after second matrix group
which starts with 17" image shown on the field mirror, although there is no absorber
molecule in the cuvette yet, the laser beam loses its almost full power so that it is
nearly invisible on the mirror. Therefore, it has determined experimentally that the
number of passes would not exceed 32 which corresponds to 4x4 matrix

arrangement.

For different number of passes configurations, molecular absorption spectrums of
10 M CV in aqueous solution have been measured. Figure 53 gives the normalized
absorption vs number of passes graph. According to the graph, with the increase of
the number of passes, the absorption also increases linearly, as suggested by Beer-

Lambert's law.
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The absorption spectrum was compared with the extinction coefficient at 509.5 nm
measured by Zolinger et. al. [60]. This value found in the literature was obtained by
the single-pass direct spectroscopy method and the graph was adapted for multi-pass
configurations for comparison purposes in this application. According to the graph,
the extinction coefficient of the value in the literature is 0.12 cm™*/uM, which
satisfies the experimental result of the multi-pass measurement technique with 0.16
cm™/uM (Figure 58 (a)).

The error bars in Figure 58 were determined by considering the deviation of the
spectrometer, the power instability of the laser and the molar concentration errors.
To calculate the spectrometer error, the background measurement was taken multiple
times. Then, the difference between the values calculated by taking into account the
noise of the spectrometer and the values calculated without taking into account the
spectrometer noise was calculated for each measurement and this was evaluated as
the spectrometer error. The power instability of the laser was reported in the
datasheet as 1% that can be found in Appendix A. Finally, the mass error caused by

the precision scale may have caused the error in the molecule concentration.

Figure 58 (b) and (c) show the normalized absorption vs number of passes graphs of
CV with the concentration of 108 M at 545.2 and 592.0 nm. Although the extinction
coefficient measured by Zolinger et. al. for 509.5 nm wavelength coincides with the
multi-pass system measurement, the extinction coefficient values obtained from
multi-pass measurement do not overlap with the literature values for larger

wavelengths.

The wavelength dependent extinction coefficients of CV were found in
PhotochemCAD database [16] for 545.2 and 592.0 nm wavelengths. The database
provides synthetic spectrum which were derived by combination of Lorentzian or
Gaussian curves, present spectra or/and delta functions. The model used to construct
the synthetic spectrum of CV in this database is not specified in the literature. The
spectrum created with an incorrect model used may not coincide with the spectrum

obtained by the measurement method. In addition, if the molecule has a degenerate
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transition, there may be deviations from degeneracy because the theoretical approach

cannot distinguish it.

®  Experimental
® Measurement of Zalinger et. al

Linear Fit (Experimental)

0.4 Linear Fit (Measurement of Zolinger et. al 0.6
0.51
03+
8 5 I
2 B 04
5 g
@ @
2 O
< 02 i < o3
3 &
© ©
g E o2
o o
Z 014 =4
0,14
(]
0.0 T T T T T T T T T 1 0.0 T T T T v T Y
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 3
Number of Passes Number of Passes
m  Experimental
® PhotochemCAD™ based estimation
Linear Fit (Experimental)
0.9 4 —— Linear Fit (PhotochemCAD ™ based estimation)
0,8
0,7
c
o
B 06+
=
Q
4 05
< O
B
N 049
© _
E 0,3
2
0,2
0,1 4
0.0 T T T T T T 1
0 5 10 15 20 25 30 35
Number of Passes

Figure 58 The normalized absorption vs number of passes graph of crystal violet
with the concentration of 10 M at 509.5 nm (a) at 545.2 nm (b) at 592.0 nm
wavelengths.

The wavelength dependent dispersion effects should also be taken account. If the
wavelength approaches an absorption resonance, the refractive index is dominated
by the molecule. The absorption of the molecule is determined by the complex part
of the refractive index which is absorption coefficient k. According to the Kramer-

Kronig relationship, where k increases, the real part of the refractive index, n, also
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changes. Since absorption is observed at the measured wavelengths, k has a different
value from 0, so n should also be high. As the wavelength coincides with the
absorption resonances of the molecule, the index of refraction of the solution should
be taken into account rather than the index of refraction of the liquid it is in. The
concentration of the molecule in the solution determines the effective index of that
solution which may be increased too much. According to Snell’s law, when the

refractive index increases, the physical path changes.

Furthermore, during the experiment, the quartz cuvette was tilted slightly off-axis to
minimize unwanted scattering from surfaces. Therefore, the laser beam, which is
already off-axis, had to travel more distance than 5 cm in the cuvette for each passage
which leads to increase in optical path. Therefore, both the physical and optical path
of the light beam can vary depending on the angle of the light entering the cuvette,
the angle of the cuvette relative to the axis, and the diffraction effects caused by the
molecule. As a result, the necessity of calculating the distance the light takes in the
experiments to be carried out with the cuvette can be considered as a potential

drawback of this system.

Despite this limited passage numbers obtained by 4x4 matrix arrangement, the
detection limit of CV was calculated as 2.48x10° M which is competetive with
traditional detection techniques. In Figure 45, the spectrally averaged absorption vs
concentration graph of CV for 32 passes is given. The red line indicates the
background noise level which is the minimum amount of absorption that the system
is able to detect.

As the multiplication factor of multi-pass measurement system is directly
proportional to the number of pass, with a proper coating that provides extensive
optical path, the multi-pass measurement technique may become competetive with
state of art, surface enhanced raman scattering (SERS) whose multiplication factor
is determined by the electromagnetic and chemical field enhancement. Furthermore,
if the loss caused by the system itself are eliminated, it would be possible to measure

molecules with lower concentration by enhancing the dynamic range. While, SERS
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is able to detect samples even at the single molecule level, multi-pass measurement

technique is only effective for collective atmospheric and fluid samples.
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Figure 59 Spectrally averaged absorption vs concentration graph of Crystal Violet.

Since the smallest detectable molarity is 2.48x10°, there are a total of 1.48x107°
moles of CV molecules in the 0.6 liter cuvette. But actually the number of moles
measured is equal to the number of moles in the cross section through which the
beam passes. Since the cuvette is placed close to the objective mirrors, we can
roughly assume that the laser beam passes in a cylindrical shape without taking into
account the gaussian. In this case, the volume of the laser beam, which passes 32
times through the 5 cm long cuvette, will be 5024 mm?. In this volume, the laser

beam was absorbed by an average of 1.24x10** moles, ie 7.46x10%2 molecules CV.
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Figure 60 Laser beam passages through cuvette obtained by OpticStudio software.

However, as SERS requires extra time to prepare the samples and special operators,
multi-pass system is operationally simple and does not require prior preparation. In

addition, the cost of multi-pass system is dramatically lower than SERS.

The table below shows the comparison of general features, positive and negative

aspects of several methods developed to detect trace amount of crystal violet.

Table 16 Comparison of different methods to detect trace amount of crystal violet.

Measureme L Operational Amount of
Method/ Property . Sensitivity o Low cost
nt time Simplicity sample
Fluorescence -20 426 +20 +20 426 26 420 26 426
Spectrophotometry | -20-21424 +24 20 424 465 424 21 424
Electrochemi- L2 L2 L2 65 L1
luminescence
HPLC 20 26 +66 20 _26 +65 +64
Multi-pass
+ + + + -
Spectrometry
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A similar extinction spectra measurement was repeated for PP type microplastics to
calculate the limit of detection value indicated in Figure 62. In the experiment, which
was carried out according to the microplastic concentration from 104 M to 10° M, a
32-pass test setup was used again. Since the measurement for 10 M crystal violet
was below the background noise level, the lowest concentration that the system could
measure, was calculated as 1.68x10™° M.
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Figure 61 Spectrally averaged extinction vs concentration graph of PP type
microplastics.

For microplastics, extinction is due not only to absorption and single particle
scattering, but also to cluster scattering as they tend to agglomerate. While photons
are less likely to interact with individual scattering microparticles, they may not
escape scattering microparticles in clusters due to the photon-trap effect. According

to Rayleigh scattering, for very small dielectric particles compared to wavelength, it
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will show very weak scattering behavior as it is directly proportional to the particle
size. If the wavelength of the light source to be used in the measurement does not

coincide with the internal frequency of the material, it may not be measured.

Since the multi-pass optical system cannot distinguish the extinction whether it is
caused by absorption or scattering, it would not be a perfect detection technique for
samples showing characteristics of both absorber and scatterer. However, in trace
gas absorption studies of atmosphere, it is not such a case since the scattering is

almost negligible.

In the future, it is planned to setup a state of art atmospheric trace gas measurement
chamber with complementary optics and optomechanics capable of operating in
extreme temperature, pressure and humidity conditions. The multi-pass mirror
system will be combined with the broadband transmissive windows of the
atmospheric trace gas chamber and the tunable laser spectroscopy system, which
includes spectrometers, photodetectors and lock-in amplifier located outside the
system. Performance analysis of the multi-pass mirror system will be carried out
according to the different environmental conditions to be created within the system.
The spectra of gases with different absorption bands will be measured and analyzed
in a controlled manner at various temperature and pressure configurations. The
durability of optomechanics and optical aberrations due to vibration caused by
mixing fans and vacuum pumps planned to be placed in the system will be evaluated.
According to the analysis results, the vacuuming and gas mixing procedure that will
not damage the optics, optomechanics and optical signal will be determined and the
system will be put into use. If the multi-pass matrix system can still function
satisfactorily in the harsh conditions inside the chamber, the system will continue to
operate with regular maintenance. Otherwise the design will be repeated with the

new design parameters.
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APPENDIX A

SPECIFICATIONS

Optical
Repetition rate [Hz] Variable 1 Hz to min. 20 kHz
Spectral coverage [nm] 450-2400
Total power [mW] 2 > 10

Total visible power (450-850 nmj) [mwW] ? >20

Total power stability [%] ¥ <+10

Output pulse width [ns] <2

Pulse-pulse jitter (standard dev) [us] 2 <2

Polarization Unpolarized

Beam quality, TEM, M2 <11

Beam diameter, collimated [mm] 1@ 530 nm
2@MN00 nm
3@ 2000 nm

1) Contact us for £ 0.5 %.

2) Repetition rate dependent.
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