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Abstract

Aerosols are everywhere in the atmosphere. Therefore, it is critical to investigate their
morphology in situ to understand how aerosols influence the environment and human health.
In addition, the characterization of aerosols requires a fundamental understanding of proper-
ties such as shape, size, and color. One of the promising methods for characterizing aerosol
particles is light scattering. Digital holography, also based on particle light scattering phe-
nomena, works best for studying particle morphology in situ, which often addresses the
inverse problem. This work describes an experimental approach to imaging freely flowing
aerosol particles using multiple wave-length digital holography (MWDH). In contrast to con-
ventional methods in DH, this work uses three different wavelength lasers (Red, Green, and
Blue) combine to produce an almost white beam. In addition, the method involves a Michel-
son interferometer to produce holograms. When the backscattered light from the particles
coherently mixes with the reference beam, interference patterns (holograms) are created.
Using a three-CMOS prism sensor, we record three separate backscattered holograms, one
for each wavelength, simultaneously and resolve them without spectral cross-talk. Fresnel
diffraction theory is used to reconstruct holograms, which renders a monochrome image
for each wavelength. The individual images are combined using the additive color mixing
method, with red, green, and blue as primary colors. For size and color balance calibra-
tion, various colored micro-spheres (white, red, green, and cyan) are aerosolized, and the
holograms are recorded. In addition, various mineral powders of different colors are used
to demonstrate the viability of the experiment and the effect of basic speckle noise reduc-
tion and white balance approaches. Finally, chromaticity analysis is performed on the color
image to illustrate the ability of the MWDH approach to objectively characterize aerosol
particles of various shapes, sizes, and colors. Although MWDH has been used in several

scientific fields, our study is the first to apply it to objects of micrometer-size scale to study



freely flowing coarse-mode particles. This research is also the first to create an MWDH
image analysis that allows quantitative characterization of colored particles. The analysis
quantifies the color content in the image regardless of the apparent brightness of the color

in the image.
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Chapter 1

Introduction

1.1 Aerosol particles

Aerosol particles are tiny atmospheric particles that can be found in the form of liquid
droplets or solid particles. Due to their minuscule size and light weight, they can fly freely
in the air. The size of such particles ranges from 10~ pum to tens of um [1-4]. Size affects
their settlement time, since heavier particles settle faster than lighter particles. For example,
nanometer aerosols remain in the air indefinitely, whereas 100 pwm sized aerosols settle in a few
seconds [5]. Although different in size, both types of aerosol are responsible for environmental
changes and affect human health [6]. Aerosols, particularly mineral dust, settle on the surface
of the soil and impact its biological cycle [7, 8]. They can be beneficial or harmful depending
on their chemical composition and amount of deposition |9, 10]. On the other hand, unsettled
aerosols are primarily responsible for the formation of clouds, and one cause of climate
change on Earth [11]. Aerosols are created from natural phenomena or human activity. Sea
spray aerosols (SSA), mineral dusts (MD), biological aerosols (BA), smoke aerosols (SA)
and volcanic aerosols (VA) are some examples of natural aerosols [12-16]. However, human-
made aerosols include particulates of nitrate and sulfuric acid emitted mainly from industry
and transport, agriculture and land exploitation, waste, biomass combustion emissions, etc.

[17, 18]. The tiny particles are small enough that the naked eye cannot see them. Still, they



greatly impact everyday human life, directly affecting health or indirectly causing climate

change.

1.2 Aerosol particle characterization

Coarse-mode aerosol (CMA) of sizes greater than 1 pm are classified as complex aerosol
particles in terms of morphology [19, 20]. CMA is abundant in the atmosphere and has an
influence on agriculture, human health, and the environment [21-24]. These particles have
an impact on climate change by forming cloud condensation nuclei (CCN) and ice nuclei
[25-27|. They also influence the Earth’s hydrological cycle [28]. For example, MD from the
Sahara desert is considered the largest contributor to global aerosol production and plays a
direct role in the meteorological phenomena of the Earth that greatly contribute to climate
change. Since MDs can travel thousands of miles from where they form, they can affect
local and global radiation budgets and affect the cloud formation process [29, 30]. Many
studies have shown that windblown MDs account for at least one-third of the total aerosol
concentration in the atmosphere. A large number of MDs can change Earth’s temperature
and sometimes cause cyclones to form [31, 32]. Identifying CMA requires characterization
on a microscopic scale to understand the impact of aerosol particles on the environment.
The morphology (shape, size, and orientation) and material composition must be known
to characterize aerosol particles. However, information on the composition, concentration,
and physical properties of CMA particles is inadequate. This information gap limits our
ability to better understand the impact of CMA on radiative forcing and changes in Earth’s
climate [33-35]. A single aerosol particle characterization method can benefit environmental
studies and many other scientific studies. Aerosol characterization is widely used in forensics,
indoor and outdoor air pollution measurements, pollen particle detection and measurement,
microbiological contamination, microplastic and microfiber detection in air, etc. [36-39].
Thanks to improvements in light microscopy, microsensors, and spectroscopy, many as-
pects of CMA particles can now be investigated in the laboratory. In recent years, many sci-

entific devices have been discovered based on the principles of microscopy and spectroscopy.



These instruments are widely used to determine the composition of micrometer-sized parti-
cles and to monitor their shape and size. In particular, compound microscopes, transmission
electron microscopes (TEM), scanning electron microscopes (SEM), ultraviolet, infrared,
and laser microscopes are some examples of equipment used to determine the morphology of
particles [40-42]. These tools are used for different purposes, each with its functional limi-
tations. For example, an SEM can image at a micrometer resolution, while a TEM can look
at a nanoscale resolution. Some other equipment is devoted to measuring the particle size
distribution in a volume. Some of these names include Aerodynamic Particle Sizer (APS),
Aerodynamic Aerosol Classifier (AAC), and Aerosol Particle Mass Analyzer (APM) [43-45].
Microscopy alone is insufficient if the purpose is to determine the material composition of
the particle along with its morphology. For this purpose, the entire system should include a
microscope in combination with a spectroscope. The concept of spectroscopy has motivated
scientists to develop a variety of instruments. Different types of spectroscopy are avail-
able, including Raman spectroscopy (RS), Energy Dispersion X-Ray Spectroscopy (EDX),
Fourier transform infrared spectroscopy (FTIR), mass spectroscopy (MS), nuclear magnetic
resonance (NMR) spectroscopy, total reflection X-ray fluorescence (TXRF), electron probe
microanalysis (EPMA) [46-49], and so on. Spectrometers are usually used in conjunction
with microscopes to study particle morphology and material composition at the same time.
All available instruments are very advanced and reliable for the characterization of aerosol
particles, but unfortunately, they cannot be used outside the laboratory environment. They
are bulky and also require unique configurations to work. Due to complex electrical wiring,
cooling, vacuuming systems, etc., this machine is limited to laboratory use only. In addition,
to use these instruments for particle characterization, a particle sample or gas containing
aerosol particles must be taken from the environment in which they reside. The sample must
be taken to a laboratory for analysis. Proper measurement of this sample requires proper
handling and transportation, which in turn must not produce any distortion to the properties
that one would like to assess. Many airborne aerosol particles are fragile, and the state of the
sample, when obtained, can be affected by various physical factors. Cross-contamination can

occur due to poor management or other circumstances [50, 51]. The actual morphology of the



aerosol particles is critical for identifying the aerosol, as particles of different shapes and sizes
scatter light differently. The scattering of light from the spherical particle differs from the
scattering of light from the non-spherical particle. Thus, it is essential to characterize them
in their natural state or in situ to obtain their underlying morphology and components. In
an approach to these limitations, technology must be developed to measure aerosols in their
natural state without touching them. However, there has not yet been sufficient development
of a measurement device capable of identifying aerosol particles in their original form. The
light scattering method is one of the prospective methods for characterizing aerosol particles
[52-55]. However, the inverse problem is a fundamental issue with the traditional light scat-
tering method. Without any additional assumptions, the light-scattering measurement can
not uniquely links the particle properties such as shape and size [56]|. Digital holography is
a potential approach based on a particle light scattering phenomenon that, in most cases,
solves the inverse problem. It can be used to assess the properties of aerosol particles in
real-time and in their original state. Digital holography has several advantages over con-
ventional microscopes. One of the most important applications of digital holography is 3D
image reconstruction. In contrast to the microscope, digital holograms store not only the
intensity but also the wave-field phase, helping to reconstruct objects at an extensive depth

of field.

1.3 Holography

Dennis Gabor, who won the Nobel Prize in physics in 1971 for the invention of holography
in 1947, is considered the father of holography [57] and Leith, Upatnieks and P. Goss further
developed the concept [58-60]. Gabor devised the term holography from the Greek words
holos which means whole and graphein which means to write. In summary, holography means
recording and reconstructing the entire information of a three-dimensional wave field. Gabor
first introduced the holography technique intending to improve the spherical aberration
of electron microscopy. As such, this idea was developed while solving an issue with the

spherical aberration of the magnetic lens of the microscope. He tried to fix the problem



in two steps. In the first step, he recorded interference patterns between the electron beam
scattered from an object and the reference beam propagated parallel on a photographic plate.
In the second step, he again illuminated the recorded hologram with the same reference
beam used before during the hologram recording. By these optical methods, the spherical
aberrations of the electron microscope were corrected [61]. However, the image quality of
the reconstructed wavefront was poor because of the lack of a coherent source with sufficient
intensity. Due to the image’s low resolution, holography was not widespread until the laser
was discovered in 1960. Later, it was proven that the laser is an essential factor in optical
holography. Along with the image of an object, it was also shown that a single hologram

could store information on the optical field’s phase, amplitude, and even polarization.

Object beam

Coherent
light source

|
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:
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Reference recnrc!ing
beam material

.
i

Figure 1.1: Gabor inline holography. An oblect is illuminated by a plane wave. The
scattered light from the object interferes with the unscattered wave, produces interference
and recorded on a photogrpahic plate.|[62].

Gabor used the inline holographic method in his experiment, and the basic concept
he introduced in his paper is shown in Figure 1.1. In his work, when a beam of light is

illuminated on an object, a part of it is scattered. When the incident beam is considered much



wider than the object’s size, most of the light has been passed unscattered. The unscattered
light is used as a reference beam, interfered with the light scattered by the object, and formed
interference patterns. These interference patterns are recorded on a transparent plate coated
with the photosensitive material. The interference patterns recorded on the photographic
plate are commonly called the hologram. The next step in the process of holography is to
reconstruct the hologram recorded on the photosensitive plate. For the reconstruction, he
again illuminated the hologram with the same light beam, but this time the object on the
path of the light beam is removed.

The holography is based on two phenomena of light waves. The first phenomenon is when
light is scattered during incident on an object. This phenomenon of light waves produced
interference patterns while interfering with the reference beam, as discussed above. The
reconstruction of the object beam that is encoded in the hologram can be performed based on
the principle of diffraction of light. During reconstruction, when the hologram is illuminated
by the light beam, the light wave is diffracted in three orders of diffraction, namely -1t"
order, 0™ order, and +1* order. The -1*" order is proportional to the complex conjugate
of the object beam, thus associated with the real image. The real image can be seen if a
screen is placed at a distance equal to the object’s distance from the photographic plate.
The 0*" order is the sum of the squares of the modulus of the object and the reference beam,
generally called a DC term. The +1' order is associated with the virtual image lying in the
position where the object is placed during the hologram recording. In inline holography, all
orders of diffraction fall on top of each other, which turns the blurred background onto the

real image [63].

1.4 Digital Holography

In Conventional method of holography, a photographic plate is used to record holograms.
A photographic plate is optically sensitive, thus when exposed to visible light, it exhibits
chemical changes. Despite the low efficiency of photon reactions on the photographic plate,

the photographic plate helps scientists to record and archive information for future use [64].



However, using a photographic plate in holography is time-consuming and tiresome. Fur-
thermore, one can use a photographic plate only once, which is not cost-effective. In 1969,
Willard S. Boyle and George E. Smith invented the charge-coupled device (CCD), the first
viable digital picture technology [65, 66]. CCD technology takes advantage of Albert Ein-
stein’s prediction of the photoelectric effect, for which they are awarded the Nobel Prize in
2009. Light strikes a metallic surface and emits electrons, also known as photoelectrons,
which are converted into an electrical signal in this effect. After the discovery of CCD,
the recording media of holography changed from the classic photographic plate to digital
recording media. High-resolution images from digital holography (DH) have been possible in
recent years because of the progress of high-performance computers and large-pixel-density
CCDs or complementary metal oxide semiconductors (CMOS) [67]. Because of the availabil-
ity of larger arrays and smaller sensor pixel sizes, fast and efficient computing systems, and
larger storage capability, digital holography is more feasible and efficient to use in various
scientific disciplines such as medicine, biology, mineralogy, and manufacturing companies,
among others. Digital holography works on the same principles as traditional analog holog-

raphy, except for the recording medium and reconstruction process. In DH, the interference

Spatial filter

Laser
article window ==
p reference beam Er
LLL

scattered beam

collimated beam

particle. ccd sensor

Figure 1.2: Optical arrangement for inline digital holography. A laser beam is cleaned,
expand, and collimated by a spatial filter. The collimated beam illuminates the particle, a
part of it is scattered by the particle and the rest of it is passed unscattered. The unscattered
beam acts as a reference beam that intereferes with the scattered beam produce a hologram.
An image sensor records the hologram.

between the object and the reference waves is captured on optoelectronic sensors such as
CCDs and CMOS, similar to analog holography. The sensor records the interference as an

image. Then the image (digital hologram) is reconstructed numerically. In many aspects,



DH is comparable to conventional microscopy. For example, reconstruction of an image in
DH is analogous to focusing the image at various focal points in microscopy. In microscopy,
different parts of a thicker object can be brought into focus by altering the height of the
microscope objective at different times. In contrast, in DH, different parts of the object
can be brought into focus by numerical calculation of the interference wave field using only
a single pre-recorded hologram. During computational reconstruction, the focus distance d
can be numerically changed to obtain various focus sites of the object, which is described in

more detail in Chapter 2.

1.5 Important components in digital holography

1.5.1 Laser

As previously stated, optical holography in the visible spectrum is achievable by discovering a
powerful and coherent light source, i.e., the laser. Furthermore, due to the coherent nature of
laser light, a high-quality interference contrast can be formed, which improves image clarity
and resolution in holography [68]. Gas and solid-state lasers are the two most common types
of laser used in DH, and they are further classified as continuous-wave (CW) lasers and
pulsed lasers. The helium-neon laser, for example, is a CW laser with a wavelength of 633
nm widely used in various applications because of its extended coherence length and longer
life. A few other CW lasers used in optical holography are the argon-ion laser (458 nm, 488
nm, 514 nm), the helium-cadmium laser (325 nm, 442 nm), and the krypton-ion laser (647
nm), among others. The ruby laser, with a wavelength of 694 nm, is a commonly used pulsed
laser in optical holography; however, it requires water cooling. In contrast, Nd-YAG lasers
with a wavelength of 1064 nm that, when doubled in frequency, produce green light with a
wavelength of 527 nm are the most compatible lasers, requiring only air cooling and being
able to operate in both CW and pulsed modes, making them the laser of choice to replace

ruby lasers these days.



1.5.2 Coherence of laser

The interference between the object wave and the reference wave makes holography possible.
The quality of the hologram depends upon the coherent properties of the laser. In simple
words, coherence refers to the ability of light waves to interfere. The contrast in the inter-
ference patterns stay consistent even if the paths of the two interfering beams are somewhat
varied if the laser has better coherence. Temporal and spatial coherence are two types of
coherence in a laser.

Temporal coherence is the degree of correlation of a wave phase at an instant for a
specific location. As in-line holography the object and reference waves propagate in the
same direction, thus it is important to calculate temporal coherence in a systematic manner.
One of the simplest method to compute the temporal coherence of a laser is a Michelson

interferometer.

fixed mirror

adjustable mirror
light source i

B > B

screen

Figure 1.3: Michelson interferometer. A collimated light beam is divided perpendicularly
by a 50 : 50 beam splitter. The beams are then retro-reflected from the mirrors and interferes
on the screen. The adjustable mirror adjust the path difference between the two beam, which
alters the contrast in interference patterns.

A beam splitter splits a light beam in a Michelson interferometer. A portion is reflected
perpendicular to the propagation direction, and the rest is transmitted through the beam

splitter. Two mirrors, one placed at a constant distance from the beam splitter and the other



set as a movable mirror, are used to retro-reflect the split beam, as illustrated in Figure 1.3.
The reflected beams from the fixed mirror pass through the beam splitter and reach the
detector, whereas the beam splitter reflects the beam from the movable mirror towards the
detector. At the detector, the two beams interfere. If d is the difference between the distance
of a movable mirror and the distance of a stationary mirror from the beam splitter and . is
the extra time it takes for the movable mirror beam to reach the detector compared to the
beam of the fixed mirror.
Then,

Te=— (1.1)

where c is the speed of light in a vacuum. If 1. is defined as the coherence time at which the
contrast of the interference patterns is reduced to e~! of the contrast value when the beam

interference is maximum. The coherence length can be defined as
l. = ¢, (1.2)

For the Gaussian laser beam, the coherence length can be written as

B 2In2 A?
< m AN

(1.3)

where n is the refractive index of the medium, A is the central wavelength of the laser light,
and AA is the FWHM of the emission peak.

On the other hand, spatial coherence describes the phase correlation between different
location of the same wavefront at an arbitrary time, which is also called interference of the
division of the wavefront. Young’s double-slit experiment, in which geometrically distinct
parts of the same wavefront interact, helps explain the spatial coherence. The lasers used
in holographic interferometry resonate in the T'E My, mode most of the time, which means

that all points on the wavefront have the same phase and good spatial coherence [69-71].
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1.5.3 Optical components

In digital holography, one most choose optical components carefully. The choice of optical
elements determines the overall results of the experiment. First thing to understand is
that optical elements are made of various materials design to work with certain wavelength
ranges. In an optical experiment, mirrors are the most common optical element. For a
better result in the experiment, the quality of the mirror is always fundamental. Mirrors
with metallic coatings can be used for general purposes for spectral ranges from 450 nm to 12
um and especially for space applications [72|. However, for a high-power laser-like Nd:YAG,
broadband dielectric coating mirrors and diamond mirrors are recommended [73]. Mirrors
with ultra-fast coatings should be used for lasers like Ti:Sapphire, which produces ultra-short
pulses. Similarly, when choosing lenses, some factors to consider are lens shape, f-number,
lens material, transmission percentage, wavefront distortion, antireflection coating, etc. |74].
Spherical lenses cause spherical aberration, and the proper lens shape can help to minimize
this. For example, a planoconvex is one of the best lens for focusing the collimated beam
on a point with a narrow waist. It reduces the aberration due to its asymmetric structure.
To reduce the spherical aberration, the planoconvex lens should be faced in such a way
that distance from the object to the curve surface becomes maximum [75, 76]. Also, the
planoconvex lens can be used to compensate spherical aberration cause by positive lenses
in the system. In addition, optical polarizers are another important optical components are
commonly used to control the laser’s polarization state. The extinction ratio, transmission,
acceptance angle, and damage threshold are a few significant characteristics to consider when
choosing polarizers. Many holographic interferometry methods require the modulation of
laser beams. When phase alteration is required, phase-shifting optical components, such as
half-wave plates that change the phase of incident light by 7t/2 and quarter-wave plates that
shift the phase by 7t/4 are beneficial. The half-wave plate can rotate the linear polarization of
incident light, whereas the quarter-wave plate can convert linearly polarized light to circularly

polarized light.
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1.5.4 Sensor

As previously stated, the primary difference between digital and analog holography is the
replacement of the photographic plate with a digital recording device such as a charged cou-
pled device (CCD) or a complementary metal oxide semiconductor (CMOS). Since the 1980s,
CCD has been the most used imaging detector in practically all scientific and industrial ap-
plications because of their excellent performance capability. The metal oxide semiconductor
(MOS) capacitor is the foundation of the CCD. Since silicon (Si) is sensitive to photons,
while light shines on Si with photon energy greater than the band gap of silicon (i.e., 1.1
eV), electrons are generated;

he
Ebandgap > T (14)

Metal Oxide Semiconductor (MOS) Capacitor

Incoming
Photons
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Dioxide
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Photogenerated
Electrons
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Figure 1.4: Metal-oxide-semiconductor (MOS) capacitor. An MOS capacitor consists of a
semiconductor substrate (SiOy) sandwiches in between a metal electrode and a semiconductor

(Si).

Where h is the Planck constant and c is the speed of light in a vacuum. Silicon can
detect practically all visible wavelengths and can also goes up to the near-infrared wave-
length since its cutoff wavelength is nearly 1 um. The detector plane of the CCD consists
of a two-dimensional array of MOS capacitors, each capacitor representing a pixel. The
photoelectrons are collected from each pixel by adding voltage to the capacitors. The total

amount of electrons that may be stored per pixel before it becomes saturated is called the
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CCD'’s well capacity. CCD arrays are classified into three types according to how the charge
is transferred from capacitors to storage media: three-phase, interline, and frame transfer
CCD arrays [77, 78|. For the specific applications of CCD, such as in digital holography,
one must be careful when choosing the different types of CCD arrays. Before choosing CCD
arrays, there are a few specifications to consider. To begin with, it is critical to understand
the spectral range of interest where the CCD is more sensitive because the CCD responds
differently to different wavelengths of light [79]. Figure 1.5 shows the spectral response curve
or quantum efficiency of the Blackfly S BFS-U3-32S4C-BD camera. The quantum efficiency
(QE) for blue (at 470 nm) is 50.41 %, the QE for green (at 525 nm) is 60.62 %, and the
QE for red (at 630 nm) is 46.86 % [80|. Similarly, it is best to select a CCD with a low
dark current if the CCD is used under low light conditions. Another important considera-
tion is quantum efficiency (QE). QE refers to the rate at which photons are converted into
electrons. The sensor with the highest QE for the wavelength of interest should be chosen.
Other significant factors before selecting a CCD include the pixel size, total number of pixels

(active area), dynamic range, etc.
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Figure 1.5: Spectral Response Curve of Blackfly S BFS-U3-32S4C-BD [80].

Similarly, CMOS sensors are now widely used image sensors in the field of imaging.
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The main distinction between CCD and CMOS is their manufacturing process and how to
charge transformations are made and converted to a voltage. A control circuit in a CCD
transfers the charge collected on a pixel to its neighboring pixel, and the last pixel in the
array transfers the charge to the charge amplifier for voltage conversion. However, in a
CMOS sensor array, each pixel has a photodiode and a transistor that amplifies the pixel’s
signal. Matrix switches allow the signal from each pixel to be retrieved directly from the
pixel at a much faster rate than a CCD. Furthermore, unlike CCD, CMOS has very compact
circuitry that consumes less power and has less heat dissipation [67, 81, 82]. Aside from
these differences, both CCDs and CMOS can be beneficial in digital holography, depending

on their application to the system.

1.5.5 Color sensor

A color image sensor is required if one is interested in recording a multiwavelength spectral
response for the scene, such as in multiple wave-length digital holography (MWDH) [83]. A
color sensor is similar to a monochrome CCD/CMOS sensor, but each array of the sensor
records different color components (wavelengths), namely red (R), green (G), and blue (B).
The color sensor then generates a color image using the spectral responses of the object,
that is, taking RGB as the primary color component. Some color imaging systems use three
distinct sensors that independently record R, G, and B spectral responses. In contrast,
others employ a single monochrome sensor with a layered color filter. Using such a sensor
with a color filter has several advantages, including the need to have only one sensor and the
ability to record all color information simultaneously.

Bayer’s mosaic filter is perhaps the most widely used color filter in practice [84, 85].
The number of green channel arrays in this filter is twice that of red and blue channels
to mimic the human eye, which is more sensitive to green light. Three light channels are
recorded when light strikes the Bayer filter on the sensor, each with different intensities for
red, green, and blue light. Because each sensor’s pixels can only record one of three colors,

the irregular patterns in Bayer’s filter for each color cause gaps between the pixels for a
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Figure 1.6: Bayer filter mosaic. A square grid of RGB color filters placed over a single-chip
digital image sensor used to transmit particular color to the sensor and blocks others. To
mimic human eyes, the filter pattern has almost half of green, and one quarter red and one
quarter blue filters.

particular wavelength. The raw data (output) will not be able to fill in the information of
missing pixels on its own. Only by demosaicing the raw data with algorithms, full-color
information can be achieved. The algorithm helps convert the Bayer raw color channels to
the full RGB color format by interpolating the gap using the information available from the
surrounding pixels [86]. The use of the Bayer filter has a few disadvantages, including false
color representation caused by interpolation and color crosstalk, both of which degrade the
quality of the image. In addition, Bayer’s filter uses dyes or pigments that do not completely
absorb the cross-color light and cause the color-cross talk between the spectra of each color
channel. As shown in Figure 1.5, the blue spectrum ranges from blue to green to red, and
the green spectral ranges from blue to red, while the red spectral ranges from red to green
[87].

However, a prism-based color sensor consists of multiple prism blocks which are equipped
with hard dichroic coatings to assist in the separation of white light into different colors .
Fig. 1.7 shows the separation of white light inside the prism block. The short wavelength,
i.e., blue region of the spectrum, is separated first, followed by red while the green passes
through the prism block. Light is separated before entering the sensor. In addition, the
prism-based sensor has three distinct RGB color sensors. When light passes through the

prism system, the first block splits the blue light and reflects it to the first monochrome
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Figure 1.7: Design of a prism-based multisensor camera. The sensor consists of multiple
prisms glued with hard dichroic coatings. The first prisms separates the blue light first, then
followed by red, and the green is passes through. Each color is recorded by an individual
Sensor.

sensor. Similarly, the second prism block splits the red light and reflects it to the second
monochrome sensor, and finally the green light is transmitted through all of them and reaches
the third monochrome sensor, as shown in Figure 1.7.

The multisensor camera offers a few advantages over the single-sensor Bayer filter camera
in that each color spectrum is captured by the individual sensors, using all of their pixels, and
there is no interpolation required for final image rendition. In addition, because the sensor
is superior in color distinction, the color in the image is drastically improved, resulting
in an more true color representation with increased image contrast. Another benefit is the
increased spatial resolution, since debayering in the Bayer filter requires 2x 2 Bayer patterns,
reducing the spatial resolution by 4 for red and blue channels. On the contrary, by a factor
of 2 for the green channel, the spatial resolution of the multisensor camera is approximately
four times greater than that of the Bayer filter sensor. Furthermore, as previously stated,

the sensor with Bayer’s filter suffers from color cross-talk. However, in the prism-based
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multisensor camera, the dichotic interference coatings on the prism provide better filtering
than the dyes used in the Bayer filter, resulting in substantially less color cross-talk, as shown
in Figure 1.8. Furthermore, independent sensors adjust the strength and exposure for each

channel, providing the best signal-to-noise ratio possible.
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Figure 1.8: Spectral response curves of a multisensor camera (JAI-AP3200T).

1.6 Multiple wavelength digital holography

With the evolution of high-resolution RGB sensors, high-power lasers with longer coherence
length, and sufficient computational capability for data processing, full-color 3D images
with MWDH are now achievable. The MWDH is, in principle, comparable to monochrome
digital holography. The only difference is that it requires three lasers operating at different
wavelengths, such as red, green, and blue (R, G, and B), which are used to record the
complex amplitude of the object with an RGB color sensor. In the full-color MWDH, three
holograms are collected for each primary color channel (RGB). From each hologram, an
images is reconstructed. Subsequently, the three images from three holograms are merged

to produce a color image of the particle.
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The color reproduction of an color image is determined by the spectral characteristics
of the laser sources, the spectral response of a color object to the incident light, and the
color sensor’s spectral sensitivity or quantum efficiency. For example, because an object’s
spectral response varies depending on the light source, the color of an object illuminated
by three-wavelength lasers may differ from that of an object illuminated by a white-light
source. However, three-color lasers may be sufficient to produce a color image that can be
used to characterize aerosol particles. Thus, digital holography, along with a color measure-
ment technique, is capable of acquiring the object’s morphology and spectral information
simultaneously.

An object’s absorption, reflectance, and refractive index are often wavelength-dependent
and can be measured from the multi-wavelength object wave information using MWDH. The
MWDH technique is unique because it provides multi-focus color imaging and quantitative
phase-contrast analysis. One can perform multi-wavelength phase unwrapping for 3D image
shape, assessment of morphology and refractive index simultaneously, and 3D tomographic
images of dispersion, to name a few applications. Color digital holography has numerous
other practical applications in a variety of scientific domains as well. The study of biological
sample structures, sizes, and color reflections illustrates how digital color holography can be
used. Many life science investigations rely on multispectral imaging, such as skin cancers,
deformities, non-contact skin melanoma selection, and so on. Multispectral imaging is also
beneficial in the study of live species, in medicine (for example, in vivo detection of oral
neoplasia) and in environmental studies (for example, pollen grains, minerals and dust in air
and water quality assessments), among other applications. The MWDH can be applied to

almost all the multispectral imaging phenomena mentioned above.
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Chapter 2

Theory

Light scattering and interference are two fundamental light phenomena used in digital holog-
raphy (DH). Before delving into the DH principle, it is necessary to understand these phe-
nomena. This chapter provides an overview of light scattering, interference, scalar diffraction
theory, and the Fresnel approximation. Then, hologram recording, image reconstruction, and

the resolution of the reconstructed image will be demonstrated.

2.1 Light scattering

Light is an electromagnetic wave (EM wave) [88-90]. When charges are accelerated, both
electric field E(r,t) and magnetic fields B(r,t) are produced simultaneously. These fields
are coupled perpendicularly to each other, propagate in the direction normal to acceleration
direction, and evolve in space r and time t. To understand the concept of digital holography;,
it is essential to study how electromagnetic waves interact with the medium through which
they propagate. Digital holography is based on two fundamental light phenomena: scattering
and interference, as they interact with materials. Light scattering is a natural phenomenon
in which light is redistributed when it interacts with matter such as dust, gas, water, etc.
Understanding light scattering is particularly important, as many natural phenomena occur

because of the scattering of light.
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The evolution of an electromagnetic wave in a vacuum can be explained by Maxwell’s equa-
tions, in terms of E(r,t) and B(r,t) where py and € are the permeability and permittivity

of the electromagnetic wave in free space as,

OE
VxB= Hoeoa (21)
0B
E=—F1- 2.2
V x T (2.2)
V.B=0, (2.3)
V-E=0 (2.4)

Aerosol particles exhibit a very weak response to the magnetic field, so B can be ignored
in this study. However, it can be calculated using the knowledge of E if necessary [91, 92|.
If one solves the Maxwell equations, the plane wave becomes the simplest solution. In free

space, the plane wave can be written as;
E(r,t) = E, elkr—iet (2.5)

where Eg is a constant vector representing the different polarization directions of the wave,
k(= %’Tﬁ in¢ ) is the wave number and w is the angular frequency of the wave of wavelength
A. In the case of a laser light source, the light can polarize in any arbitrary direction and be
monochromatic. Due to the single frequency present in the laser light, the term exp(— iwt)
can be omitted, as the Maxwell equation is reduced to the partial differential equation in

only the space part, i.e., r. Then Eq. 2.5 can be written as
E(r) = E, ¢k (2.6)

Assume that a region of space is supposed to be a scattering volume and will eventually
contain particles later. However, first consider that there are no particles in that volume and

that the electromagnetic wave (light) continuously occupies all available space, including
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the scattering volume. Such a wave field is commonly called incident light. In this case,
the source of light is considered to lie at infinity, so that the presence of particles in the
scattering volume does not have any affect on the source. For the incident wave, Eq. 2.6

can be written in the simplest form as

E™(r) = Eir° ¢llo(® ") (2.7)

A inc

where i ™ is the direction of propagation of the wave and ko (= 27t/A) is the wave number
in vacuum. If a particle is present in the scattering volume, the incident light interacts with
the particles and creates a new wave. In this case, some of the light might be absorbed, and
the rest of it is scattered by the particle. The amount of scattered or absorbed light depends
on the particle’s shape, size, and material composition. A detector measures the total field

which can be mathematically written as the sum of the incident and scattered field, but

practically the two field can not be resolved.

Etotal(r) — Einc(r) + Esca(r) (28)

In other words, the scattered field can be obtained by subtracting the incident field from the

total field measured after the light is scattered from the particles. i.e,

E*(r) = E*%!(r) — E™(r) (2.9)

2.2 Interference of light in holography

The principle of holography is not limited only to the visible spectrum; rather, it can be ap-
plied to other types of wave interference phenomena, such as microwaves, supersonic waves,
and electron waves, among others [93-95]. One should be familiar with light-wave phenom-
ena, such as light interference, to better understand holography. Light interference involves

two coherent waves of equal, greater, or lower amplitudes. However, to observe interference,
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the frequency of two waves should be equal, or in other words the frequency should be sta-
ble. For example, He-Ne is a stable frequency laser with a longer coherent length, normally

measured in meters. Young is called upon to discover the occurrence of light interference

Fl

plane wave

Figure 2.1: Young’s double-slit experiment. The two points S;, and S, of a same wave-
front behave as new sources, illuminate light of same frequency. The spherical wavefronts
generated by Sq, and S, interferes with each other and produce interference patterns on the
screen.

from two sources. In his principle, a light source produces a spherical wavefront, and two
small slits are placed at a distance such that they further divide the wavefront. Now, the
slits represent two points on the same wavefront and behave as the new light sources S; and
So propagate the spherical wavefront with same frequency as shown in Fig. 2.1. The waves
are then interfere with each other. The interference patterns are visible on the screen at a

distance and consist of a series of bright and dark stripes. When the wave maxima coin-
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cide, bright patterns are produced, and dark patterns are produced when the wave minima
coincide. Similarly to Young’s experiment, in holography, two waves, i.e., a wave scattered
from the objects and the reference wave, interfere with each other and produce interference
patterns. To develop a theoretical foundation for interference in digital holography, consider
an in-line version of the DH set-up, as shown in Fig. 1.2. In this configuration, a coherent
light source illuminates a particle. When the particles are illuminated, light is scattered, ab-
sorbed, and transmitted through them. If the illuminating beam is much broader than the
particles, then most light passes unaffected. However, a particle scatters light and interferes
with the light that passes unaffected. An interference pattern, also known as a hologram,
is recorded by a detector (sensor). With this hologram, 3-D spatial information can be
obtained on the wave amplitude and phase associated with the illuminated wave and the
object. The amplitude and phase information in holography helps measure many physical
properties of the particles, such as shape, size, numbers, color, scattering cross section, and

extinction cross section.

n
incident beam as plans unscattered beam hologram

wave

4 /

m scattered beam X, V. Z,)
' Z4

Figure 2.2: Principle of holography. A plane wavefront illuminates a particle, a part of the
incident wave is scattered by the particles while the rest of it is passed unscattered. The
scattered wave (object wave) and the unscattered wave (reference wave) interfere with each
other and produce a interferent patterns, i.e hologram.
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Consider two coordinate systems for the incident beam (n, ¢, z1) and the detector (x, y, 22)
where z is the direction of propagation of the beam. For perfectly aligned inline holography,
both the reference and detector planes are parallel to each other. Recall that the distance
between the particle and the detector plane is z = d. The intensity of the hologram measured

at the detector can be written as

H(z,y) = [E°(n, ¢, d) + ER¥(n, ¢, d)?

= E°(n, ¢, )P + [E%(n, ¢, d)”

(2.10)
[E°(n,¢,d)|* - [E¥(n, ¢, d)|
‘HEO(% Ca d)’ ’ ’ER(% C> d)‘*
The wave equation for the reference and object beams can be written as
|ER(n7C7d)| = ER(T/7€a d) eXp [_k¢1(777§)] (211)
|Eo(nac7d)| = Eo(n7C7d) eXp [_k¢2(n7C)] (212)
Using Eq. 2.11 and 2.12 in Eq. 2.10 we get
H(z,y) = E°(n, ¢, d)* + EX(n, ¢, d)*+
E2(n, ¢, d)E (1, ¢, d) (2.13)
(exp [=k(d1 — P2)] + exp [~k(P2 — b1)])
For brevity, the Eq. 2.13 can be written as
Iy = (ER)? + (E©)? + EREC cosk(dy — o) (2.14)

In Eq. 2.10, H(z, %) is the hologram in the detector plane, E® represents the unscattered

reference wave and E© represents the particle-scattered object wave, and * stands for the
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complex conjugate. In Eq. 2.14, the first term (E®)? is the intensity of unscattered light,
which is simply the constant background that can be removed after subtracting the back-
ground measurements. The second component (E°)? is also a constant intensity term of the
object wave, and it is negligibly smaller than the other two terms and can be ignored. The
last two terms (|E°[*| - ER| 4 |[E®|" . |E®|) are the only ones that contribute to the forma-
tion of the hologram. As discussed above, the detector measures this cross-term, which is
the interference pattern, and is stronger among the three. The term cosk(db; — ¢2) is also
called the interference term, which represents the phase difference between the two waves.
If two waves are not coherent with each other, the average value of the interference term
cos(d1 — ¢2) vanishes, and no interference occurs. In this case, the detector only records the
amplitude of the two beams, that is, (E®)2+ (E®)2. However, if two waves are coherent with
each other, the average value of Ap(= ¢ — d2) does not vanish; it fluctuates between -1 and
+1. For maximum interference, it should be A¢ = nt. When two waves are in phase, that
is, cos Ap = 1, the intensity is maximum, but if two waves are out of phase cos A¢p = —1,
the intensity becomes minimum [63].

The total energy received by a photographic plate / sensor during the time of exposure
to 1S

Ex(z,y) :/Oe H(z,y) dt (2.15)

2.3 Reconstruction of a hologram

As discussed above, holography is a technique to record interference and produce images
with the help of coherent light scattered from an object and a reference wave. When two
waves interfere, the resulting pattern depends on the phase difference between the waves.
The interference is constructive when the waves are in phase (at the same instant and
same point along their path); it is destructive when they are out of phase. The recorded
hologram, the object wave, can be reconstructed by illuminating the hologram with a wave
called a reconstructed wave field. Once the reconstruction is complete, the observer sees a

real and virtual image at the same distance from the recording medium. The reconstructed
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image exhibits all the effects of perspective and depth of focus. The photographic plate
reconstruction can be performed using an optical method, and a digital hologram can be

reconstructed optically and numerically [96, 97].

2.3.1 Optical Reconstruction

The reference beam and the reconstruction beam are identical in phase and frequency. If
two waves have the same phase or a constant phase difference, they can always interfere as
long as they maintain the phase difference over time. This is true even if they propagate
in different directions or at an angle. One of the most exciting aspects of holography is
that it does not matter which direction the hologram is illuminated by the reconstruction
beam when reconstructing. One can illuminate a beam on either side of a holographic plate
as long as one knows which angle should illuminate the plate by the reconstruction beam
for a better view. The holographic plate is illuminated by a reconstruction wave in the
optical reconstruction process. In this case, the hologram behaves as a diffraction grating
element. Once the wave is illuminated on the hologram, the beam undergoes a diffraction
phenomenon. The collection of such diffracted waves from the hologram produces real and
virtual images of the object. The virtual image is at the same distance as the real image
of the photographic plate. Consider t. as the exposure time and 3 as the sensitivity of the

plate; then, the recorded hologram can be written as

H($7y) =t - B : I(ﬂf,y) (216)

for brevity, if EX represents the complex amplitude of the reference wave and the reconstruc-
tion wave, and if E© represents the object wave, the total intensity recorded as a hologram

18

[=[Er|* +|Eof’ + E - Eo + Ej - Eg (2.17)
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For optical reconstruction, the hologram is treated with the reconstructed wave Egr. The

reconstructed complex wave amplitude is obtained as

Erecon = te-B-:ER : (|ER’2 + ‘]E)O‘2 + EE . EO —+ E*O . ER)
—to-B. (Bx - [Ex> + Ex - [Eo|> + Ex - Ejy - Eo + Eg - Ejy - Eg) (2.18)

= toBER - |Er|* + t.BER - |Eo|* + t.BER - Ef + toB|Er|? - Eo

The coefficient t.3 in Eq. 2.18 is a constant term representing the brightness in the image,
and the first term is a constant representing the zeroth term of diffraction order. This
term includes only the non-interfering intensity values of the reference wave, multiplied by
the average transmittance, which have no consequences on the image formation. Thus, the
term does not play a significant role in interference phenomena, which can be suppressed.
The second term is the out-of-focus image representation, commonly referred to as a halo.
However, the third term represents the interference term between the reference wave and
the complex conjugate of the object wave and produces the actual image of the object
wave. This interference produces the conjugate image of the object wave. The last term
commonly representing the virtual image of the object wave is also called an orthoscopic
image. Two images in a combination are called twin images. These twin images appear in
the foreground and in the background and lie at the same distance from the photographic
plate after reconstruction. The holographic imaging produces the three-dimensional scene
with varying depth of focus and parallax since the full object wave with the amplitude and

phase is reconstructed [98-100].

2.3.2 Numerical Reconstruction

Holograms are a collection of fringe patterns produces due to interference of object wave and
a reference wave, regardless of the recording medium. When reconstructed, it resembles a
collection of diffraction gratings. In a typical holographic system, the waves that reach the

hologram plane are usually spherical waves scattered from the object. Holography recording
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is a process of intensity mapping of the interference waves to the recording medium. On the
other hand, the reconstruction process involves the diffraction of the reconstructed wave from
the hologram. To understand the numerical reconstruction of the hologram, it is necessary

to understand the diffraction phenomenon of light through an obstacle.

Fresnel-Kirchhoff Diffraction

According to Huygens’ principle, each point on a primary wavefront can be considered a
new point source that continuously generates spherical wavelets [101, 102]. At any instant,
a new wavefront can be formed by taking the envelope of these secondary wavelets. Fresnel
utilized the concept of Huygen’s principle to explain the idea of interference of the secondary
wavelets to explain the phenomenon of diffraction [103]. To explain the Huygens-Fresnel
theory, consider that a point source S radiates the spherical wavefronts and, at any instant,
the wavefront strikes the aperture P. Each point in that wavefront intercepts the aperture
and behaves as a new source. The spherical waves that originate from each source superpose
to cause diffraction patterns in the observation plane.

Consider a point source S, which radiates spherical waves that illuminate an aperture.
The aperture lies in the (&,1,z = 0) plane in rectangular coordinates. If E(z,y) is the
complex diffracted field amplitude at any point (z,y) on the observation plane, which is a
plane parallel to the aperture plane (&,1). The Fresnel-Kirchoff diffraction formula for the
diffracted field in the (z,y) plane is given by

1 o] ikr
E(.f,y) = a//_ U(‘E?n)er

Here, U(&,n) represents the complex field amplitude in the plane (&, 1), F(0) = cos(0) = z/r

F(0) d&, dn (2.19)

is an obliquity factor, and 0 is the angle between r and the unit vector n. If A is the wavelength

of the incident wave and k is the wave vector.

z o) eikr
E(z,y) = 5//_ U(gn)-—5 d& dn (2.20)
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L aperture observation plane
illumination

Figure 2.3: Geometry for the Fresnel approximation. A source of light S generates spherical
wavefronts. The spherical wave are then diffracted by an aperture. The aperture lies in
the (§,m,2z = 0) plane and the complex diffracted field is observed on a plane (z,vy,z) in
rectangular coordinates.

The oblique distance (r) from the point p; in the aperture plane to the point py at the

observation point, as shown in Figure 2.3 can be written as

r=VE—0?+n—y)?+22 (2.21)

Taking into account the distance from the aperture plane to the image plane, that is,

z is larger compared to the lateral distance of the points x,y, & and 1, that is, z >

V(. —&)2+ (y —m)2. The value of r in the denominator of 2.20 can be replaced by z.
The exponential term contains k£, which is in the sub-micrometer range and is multiple with
r, measured in meters. A slight variation of r would lead to a significant phase error and
cannot be replaced. Thus, the exponential term needs a precise approximation. The Fresnel

approximation uses the binomial expansion of the square root into the series.
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:z\/1+ (%): <n;y>2 (2.22)

Applying Eq. 2.22 to Eq. 2.20, we get

// U(e, LA G A dE d
nY N n) exp 2 z 2 z N
zkz

T izA // U(&,m) exp Bk [(5—:6)24— (U—y)2]] d& dn

Equation 2.23 is called the Fresnel transformation or the Fresnel-Kirchhoff diffraction inte-

(2.23)

gral.

Recording and Numerical Reconstruction of Digital hologram

To record the digital hologram using optoelectronic devices such as CCD and CMOS; a coher-
ent laser is required [104, 105]. The source of light illuminates the particles on its path. The
scattered light from the particles coherently interferes with a reference beam and produces
interference patterns. Interference patterns encoded for amplitude and phase information
are recorded in sensor arrays. From the holograms, one can directly access the complex wave
field of the object. The complex field provides an additional degree of flexibility in opti-
cal metrology. Contactless, non-destructive optical measurements, and characterizations are
possible in DH. It has some applications, including shape and deformation measurements,
vibration analysis, object identification, refractometry, temperature measurement, etc. [106—
108]. To understand the hologram recording, consider a spherical object illuminated by a
linearly polarized collimated beam. The wave amplitude recorded in the sensor array when

the particle is not present is called the reference wave, and the wave recorded after the
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particle is present on the beam path, called the scattered wave, can be written as

ik.r
Eref(r) = B () (2.24)
r
eik.r
B (r) = B3 () (2.25)
r

Here, r is the position vector, and Eiff(+) and E{®* () are the amplitudes of reference and

scattered waves respectively. The intensity of these waves is

(r) = 2 |EF(E) (2.26)
() = S B () (2.27)

Here, €q is the permittivity of free space, and ¢ is the speed of light in a vacuum. When
the particle presents in the beam path, the sensor records the interference intensity of the

reference beam and the scattered beam. The hologram intensity is written as:

C€p

Iholo( ) ‘Esca( ) Egef(f,)’2 (228)

Now the contrast hologram can be made by subtracting Eq. 2.26 from Eq. 2.28

7(r) = =2 (| (8) + Ef()* — [Ef ()]
oo (2.29)
= 2 [IE @) + E“a( EF®)] + B ) B ()]

In Eq. 2.29, % represents the complex conjugate. The first term is the intensity contribution
of the scattered wave only is a constant and negligibly small in magnitude compared to the

reference beam. Thus it can be neglected. The last two terms are the interference terms
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between the reference, and scattered wave contributes to the formation of the hologram.

C€g
T2

% (r) [E5™(F) - [EF(8))" + E¢(r) - [EZ™(¥)]] (2.30)
Now the challenge is to create images from contrast holograms. Recall that in the optical
reconstruction of the holographic plate, the hologram is considered a transmission diffrac-
tion grating. The patterns of the grating on the plate have a fine-scale variation in the
optical density. Furthermore, a reference beam illuminated the diffraction grating in the
reconstruction process. The grating diffracts the light into plane waves in the forward direc-
tion. However, in digital holography, the holographic plate is replaced by a CCD and CMOS
sensor. Each sensor pixels can now be considered a diffraction grating element. The image

is then produced from 1" using Fresnel- Kirchhoff’s diffraction formula [109]. The process

is called image reconstruction.
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Figure 2.4: Sketch of the image formation and reconstruction process where the hologram
is considered as a transmission diffraction grating that produces an image |K|? (see Eq. 2.31)
in the image plane through the application of diffraction theory.

Here, consider a particle at O illuminated by a plane wavefront of the field E™, which

propagates in the z-direction. A hologram is recorded on a plane (z”,y"”) at a distance d
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from O. The image is reconstructed on a plane (2’,y’) parallel to the plane of the hologram

(x//, y//)
As explained above, if the particle lies at a distance much larger than the wavelength of

light, that is, z > A, then the Fresnel-Kirchoff equation can be written as follows.

LY 227\ Icon ’y exp |:d)\ [(l‘” _ I/)2 + y// _ y/)2}:| dz” dy// (231>

Here, d is the distance between the particles and the hologram plane. Consider substituting

2’ = vAd and 3y’ = pAd, then Eq. 2.31 becomes

/ /

zkd
K Icon 12 "2 —9 Hf " "
Y // 2" y") exp {d)\(x +y )} exp [ im(x” )\d+y )\d) dz" dy

exp [ikd]

K(v, ) = — o exp [imdA(v* + 1) // 12", y") exp LU\(WW

”2)} (2.32)

exp [—2imt(z"v + y"n)] da” dy”

Here, the term exp [ikd] /idA is independent of spatial frequency and is purely a constant
intensity factor and can be simply excluded in further analysis. However, the term inside
the integral is a phase factor and is the Fourier transform of the product of the hologram
and the two-dimensional chirp function exp [ (22 + y”Q)}

Computationally, the integration in Eq. 2.32 requires much computational power. For
rapid image processing, convolution can be used between two functions, say f and g, which

can be expressed as

F®el(z.y) = / / Tt y) gle — oy — o) do! dyf (2.33)
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Here, the impulse response is denoted by h and is written as

/) = cap [T ) (2.34)

Applying the convolution theorem in 2.32, we get

K(v,u) = %[;kd}exp [imdN(v? + p?)] FHF(I") x F(h(z",y"))] (2.35)

The absolute square of the wave amplitude, |K(v, p)|?, produces the image of the object.
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Chapter 3

Forward Scattering Multiple Wavelength

Digital Holography

3.1 Introduction

DH for the imaging of aerosol particles has many potential applications. Most importantly,
it can be used for monitoring the aerosols in the air in real-time. Direct measurements
of the properties of aerosols can reveal what type of aerosol is present in the air and its
contribution to environmental changes and air pollution. [54, 110-112]. It also helps identify
unknown aerosols and their possible origin, which can help mitigate potential health and
environmental hazards. [113-116] . MWDH is not a new concept and has also been used
in various fields of study. For example, the MWDH is used in such studies to calculate the
volume displacement of various topographic surface features, phase imaging without two 7t
ambiguities, and height measurements of linearly moving and rotating objects. [117-119] etc.
However, this work presents the forward scattering multiple wavelength digital holography
for imaging aerosolized micron-size particles. Three different colors (wavelength) lasers, i.e.,
blue, green, and red, are combined with reflective dichroic mirrors to produce nearly a white
beam. The detail is explained in the following sections. The white beam is then used to

illuminates the aerosolized micro-particles. The forward scattered lights from the aerosol
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particle interfere with the lights passed unscattered and produce a color (RGB) hologram.
A prism CMOS color sensor records the holograms. The digitally obtained color hologram
is then computationally reconstructed for individual color channels, i.e., blue channel, green

channel, and red channel, and add them to obtain the final image of the aerosol particle.

3.2 Experimental arrangement

The optical configuration of forward MWDH is shown in Figure 3.1. Three lasers with
wavelengths of A\,= 656 nm, A\g= 527 nm, and A, =440 nm were used. To keep it short, lasers
are labeled red, green, and blue in the following order. First, the lasers are aligned parallel to
the optical table by using two reflective mirrors by beam walking method. As shown in Fig.
3.1, these lasers are paired with linear polarizers to ensure that the polarization direction is
vertical, i.e., along the x axis. A spatial filter (SF) is used in each laser arm to focus the beam
to a waist where a pinhole passes the focused beam and blocks all other beam artifacts. Next,
the diverging beam from the pinhole is collimated by a plano-convex lens. The diameter of
each wavelength’s collimated beams is approximately the same size, i.e., 5bmm. The focal
lengths of the lenses in SF were chosen carefully so that three beams could expand and
collimate with about equal diameters. Two dichroic beamsplitters, DM1 (IDEX/Semrock,
LM01-552-25) and DM2 (IDEX/Semrock, LM01-466-25), with cut-off wavelengths of 552
nm and 466 nm, respectively, are used to combine three laser beams into practically a white
beam.

The initial objective of this research is to capture holograms of freely flowing aerosols as
they pass through the sensing region. The camera and lasers are set to pulse mode to capture
the moving particles in the frame. In pulsed mode, lasers are engaged for a short period
with a variable repetition rate; the output intensities of laser beams for each pulse were not
similar. Short pulses are challenging to produce, especially at high pulse repetition rates, as
the smaller pulse energy often leads to weaker temporal modulation of net gain over time.
The combined beam obtained a different white appearance with each trigger event due to

the variations in pulse power. The change is substantial and should not be overlooked. The
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Figure 3.1: Optical setup for forwarding digital holography with multiple wavelengths.
Three laser beams having wavelengths of A\, = 656 nm, A\, = 527 nm, and A\, = 440 nm
are cleaned, expanded, and merged to make a single white beam. To monitor the intensity
fluctuation in each pulse, a beam sample is utilized to pick off the light and quantify it using
photodiodes. The free-flowing aerosol particles pass across the trigger beam as they leave
the sheath flow nozzle (b). A PMT monitors the trigger event, which initiates a single pulse
emission from the three lasers and simultaneously records a hologram in a 3-CMOS color
sensor (a).

change in intensity of lasers for each pulse is monitored and computationally implemented
later during the reconstruction of holograms. To monitor the laser intensity in each pulse,
a beam sampler is used to pick off the beam by reflecting 1% while transmitting 99 % of
beam intensity. Then, using band-pass filters, the reflected combined beam is split into red,
green, and blue beams, and the intensities of each were measured with photodiodes via an
oscilloscope for each trigger event.

Further, an aerosol generator system is designed to aerosolize the dust from a container
made of two components. The first component of the generator is a custom-designed circular

glass flask with two side ports and both are threaded. A vent is designed at an angle of
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45 degrees to the positive x axis and is used to introduce clean air into the flask via an
airtight glass tube through the hole in screw-on cap. The air provides positive pressure
on the dry powdered particles. Another capillary tube is inserted airtight into the flask
through the second vent designed vertically along the positive x axis to extract the stream
of dry particles. The pipe heights can be altered to regulate the amount of aerosol flow,
or the positive pressure in the flask can also be adjusted. In addition, a few millimeters
of the bottom of the round flask are submerged in an ultrasonic water bath, which gives a
mechanical vibration to the core of the flask and, therefore, to the sample powder. Because
of the vibration, any aggregation, if present in the sample, is broken, and also, when the
aerosols leave the glass flask, they pick up more kinetic energy.

The second component of the aerosol-generating system is a sheath flow nozzle. In this
nozzle design, aerosols exit from the glass flask and are passed via the inner tube while clean
sheath air is passed through the outer tube, as shown in Figure 3.2.

The sheath air passed through the outer tube that encircled the nozzle’s inner tube,
mixing with the aerosols as it exited the inner tube. Finally, the aerosol particles and sheath
air combine and exit the outer tube through the nozzle. The airflow rate into the round
glass flask and the sheath flow tube is regulated by two mass flow meters provided with an
adjustable knob on each one.

Finally, the sheath flow nozzle delivers the regulated stream of aerosol particles to the
designated sensing zone. Furthermore, for the trigger system, a collimated beam from a CW
laser with a wavelength of 632 nm is directed perpendicular to the white beam in the negative
y direction and a photomultiplier tube (PMT) is used to monitor it continuously. It is also
explained in detail in Chapter 5 below. As the moving aerosol passes across this trigger
beam, light is scattered. The particles are subsequently evacuated by an eduction tube once
they pass across the sensing region. A positive lens is used to collimate the scattered light
while simultaneously concentrating the unscattered light to a waist. At the waist, a 500 um
pinhole mirror is positioned at a 45-degree angle to the trigger beam’s direction, allowing
unscattered light to pass through the hole and into a beam trap. The collimated scattered

light is reflected by the pinhole mirror and focused by another positive lens on the PMT’s
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Figure 3.2: Sketch of the aerosol-generating system. The dry powdered sample is kept
in a round bottom flask treated with an ultrasonic wave to disintegrate the aggregation. A
positive pressure is applied to push the aerosols out. A sheath flow nozzle controls the flow of
aerosol, and the exited aerosols arrive at the sensing region and are finally removed through
an eduction tube.
sensor plane. The voltage level in the PMT is altered because smaller particles scatter less
light than larger particles, which is accounted for by the series of electronic components.
As shown in diagram 3.3, an analog processor module (APM) is used to enhance the low
voltage signal in PMT due to small particles. Here, the APM divided the signal by 100 after
differentiating it; as a result, the high-frequency signal is enhanced while noise is drastically
reduced. The signal is further amplified by an amplifier (ORTEC Mo. 570). In addition,
the NIM signal is converted to a TTL signal through a NIM-TTL converter (CAEN N59).
Finally, the output signal from the TTL converter is used to trigger a digital delay
generator (DDG). When the DDG gets the signal, it simultaneously delivers a trigger pulse

to the lasers, the camera, and the oscilloscope. Because the lasers and camera respond to
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the trigger signal at different times, the delay in the trigger signal for each component is

adjusted in DDG accordingly.

(a) circuit daigram

(b) timing diagram
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Figure 3.3: (a): The circuit diagram of the electronic system. (b): The timing diagram for
the sensors and the lasers. The pulse width is provided to trigger the lasers, and the sensor
is set to 300ns. A DDG adjusts the relative latency between the lasers and the sensor.

The transmitted beam from the beam sampler is then used to illuminate the aerosol
particles. As stated previously, light is scattered when particles reach the detecting zone.
The scattered light, also known as the object wave, interferes with the light not scattered
by the particles, i.e., the reference beam. The interference patterns are then received by a
color sensor.

A prism sensor (JAI, AP-3200T-PGE 3-sensor) with global shutter capabilities is utilized
to record the hologram, that means the entire CMOS array for each channel is read-out at
once. This sensor has separate CMOS arrays (Sony, IMX265) for each color channel, i.e.,
red, green and blue, where the colors are separated by coatings on the prisms as shown in
Fig. 3.1. Each array is 2064 x 1544 pixels with 3.45 pm x 3.45 pm pixel size. Unlike a Bayer
filter sensor, which has a single array with a Bayer filter over it, it records three holograms
for each color denoted as I™° for the red channel, Igh°1° for the green channel, and I}°°

for the blue channel. The camera’s spatial resolution is improved about three times since
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it uses all of the sensor’s pixels. A reference hologram is captured and recorded before the
particles are supplied into the sensing zone. The reference holograms for each channel are
denoted as I™f, ]gef, and [*f. Finally, the contrast holograms are created for each channel

by subtracting the reference from the holographic measurements
I = IFef — I, (3.1)

Where, i represents the individual hologram from each channel, i.e red, green, or blue.

3.3 Result

The sensor’s recorded hologram is subsequently digitized, and the contrast holograms for each
color are generated, as explained in sec 3.2. The Fresnel diffraction integral, or Rayleigh-
Sommerfeld solution to the Helmholtz scalar wave equation that describes the diffraction as
the Fresnel approximation simplifies it, can be used to produce images of each color as given
by Eq. (2.35). The resolution of the image of a computationally reconstructed hologram
depends upon the wavelengths of the laser used to illuminate the object, the distance between
the objects and the recording medium, i.e., CCD/CMOS, and the size of a pixel on the array.
Consider a simple in-line digital holography arrangement, as shown in Fig. 1.2. If A is the
wavelength of the incident laser, d is the distance between the object plane and the CCD
plane, and A¢ is the square pixel size of the CCD. The spatial resolution of the reconstructed

image along x dimension can be written as

Ad

AL =R

(3.2)

where N is the total number of pixels along the dimension = of the CCD array.
For the size and white balance calibration of the experiment, soda lime glass microspheres
(Duke Standards:Therm-Scientific, Cat No: 9040) of size 40 um in diameter are aerosolized,

and the single-shot RGB hologram is recorded using pulsed lasers as explained in figure 3.1.
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Figure 3.4: (a) A contrast hologram of an aerosolized clear glass micro-sphere of size 40um
recorded in MWDH. (b) The separation of contrast hologram into the RGB color channels.
(¢) The Image is reconstructed from the separated color channels for each color channel. (d)
The Image is obtained by combining RGB channels and white balance the background. (e)
white light transmission microscopic image of the same glass sphere, and the scale bar is
20pm.

The RGB hologram is then computationally separated into red, green, and blue channels
by the color-separation method. The red, green, and blue holograms are then individually
reconstructed using Kirchoft’s Fresnel diffraction theory, as explained above. The obtained
images are then considered for the red, green, and blue channels and combined into one image
applying the additive color principle. Figure 3.4(a) represents the contrast hologram of the
sphere, which is obtained by subtracting the reference hologram from the raw hologram

according to Eq. 3.1. The color separated into three channels (RGB) from the contrast
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Figure 3.5: The resolution test of the experiment. The clear glass spheres (a) 20 pm,(b)
10 pm, and (c¢) 5 um were aerosolized, and the holograms were recorded. The holograms
were reconstructed to generate the images.The scale bar on inset images is 20 um.

hologram is represented by Fig. 3.4(b). The individual channels are then reconstructed
according to the Eq. 2.35. The absolute square value of K that produces the monochrome
images for each channel is shown in Fig. 3.4(c). Finally, the monochrome images are
combined to produce the final image of the microsphere, as shown in Fig. 3.4(d). Since the
intensities of the used lasers are not equal, it is critical to balance the image’s background.
Therefore, for calibration, each channel image’s background intensity is normalized. In
forward scattering holography, most of the incident light on the particle is passed unscattered,
and the addition of the unscattered light in the background of the image should appear white
to represent the equal intensity of lasers. The inset Fig. 3.4(e) is the image of the same
sphere obtained from the white-light color microscope in transmission mode.

Furthermore, to understand the resolution of the experiment, various sizes of glass spheres
are aerosolized to record the digital holograms. The sizes of the microspheres are conse-
quently decreased from larger sizes to smaller sizes, and the images are obtained. Figures
3.5 (a), (b), and (c) are images obtained from the reconstruction of the holograms of clear
glass spheres of sizes 20 um, 10 um, and 5 wm, respectively. The images demonstrated the
ability to achieve the resolution limit of the experiment, which is < 5 um. We tested with

smaller sizes of the spheres as well, for example, 2 um, but due to the small mass/size, the
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Figure 3.6: Images obtained from aerosolized dust particles of various shapes and sizes
using MWDH. The insets (a-c) are the images obtained from the white-light microscope, the
top are the images obtained in transmission mode, and the bottom images are from reflection
mode.
particles move too fast, and it is hard to capture the holograms with this pulse duration.
Different colored sand samples were collected to see if multispectral forward digital holog-
raphy could demonstrate the color signature of aerosol dust. The sand grains are then crushed
and cascaded through various sizes of sieves to separate a specific size range of particles. Af-
ter that, the dry powder is aerosolized, and the holograms were recorded. Figure 3.6 shows
the image that reconstructed the holograms for various samples of varying shapes and sizes.
The insets (a), (b), and (c) in Fig. 3.6 show transmission and reflection microscope images.
The images from the holograms and the microscope clearly show that the aerosolized dust

particles do not exhibit any color signature.
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3.4 Discussion

This study examines whether forward scattering in-line digital holography can measure the
aerosol particle’s color characteristics. Although the experiment did not reveal any color
of the aerosol particles, it helped in developing a new design and selection of experimental
assemblies for a more complex backscatter MWDH experiment, which is explained in the
following chapters. The low power of the lasers, which is insufficient to penetrate the samples,
might explain why we cannot view the samples’ color information. Another possibility is
that the aerosol samples we studied are opaque enough to prevent light from passing. These
facts are further supported by the microscope images taken in transmission mode, which also
do not exhibit any color signature of the particles shown in Figure 3.6 (a-c). However, the
concept of forward MWDH has a potential to characterize samples in many other scientific
fields of study, for example in biological samples with decent transmission of light. From
this study one can realized that, to observe the color signature from the such opaque aerosol

particles, a backscatter digital holography is necessary.
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Chapter 4

Backscatter Multiple Wavelength Digital

Holography

The content of this chapter is based on Giri and Berg [83].

4.1 Introduction

In this work MWDH approach is used to image stationary micro-particles in color. A Michel-
son interferometer is used to mix reference light with weak-intensity light backscattered from
a distribution of particles. To enable color images, three CW lasers with differnet wavelengths
are used as primary light sources. Three separate backscattered holograms are recorded si-
multaneously, one for each wavelength using a three-CMOS prism sensor. A variety of
colored polyethylene micro-spheres and nonspherical dust particles are used to demonstrate
the feasibility of the experiment and illustrate the effect of simple speckle-noise suppression
and white balance methods. Finally, a chromaticity analysis is applied that is capable of
differentiating particles of different color in a quantitative and objective manner.

This work is motivated by aerosol science and technology, where a general interest is the
determination of individual aerosol-particle size, shape, and material composition [120]. Such

information is important in many contexts including atmospheric science, national security,
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medicine, and industrial manufacturing among others [33, 120-123]. While a variety of
methods are available to provide some of these particle characteristics, such as elastic light
scattering methods, the most effective is an imaging approach. The difficulty, however, is
that aerosol particles often cannot be collected or immobilized for analysis with conventional
microscopy. Here, digital holography with its contact-free ability becomes an ideal choice
because particle size and shape are easily determined provided that a well-resolved image
is obtained. A number of examples are available to illustrate the effectiveness of digital
holography for this purpose including the imaging of free-flowing particles in the laboratory
[124-127], in the outdoor environment from an unmanned aerial vehicle [111] and aircraft
[128], and as a ground-based instrument [110].

In the majority of cases in the literature, a single wavelength is used, wherein the re-
sulting image is monochrome in nature [129]. However, it is possible to employ multiple
wavelengths and obtain a colorized image [130-133|. Again, this can be understood by the
similarity of digital holography and conventional microscopy. Colorized images are useful in
material analysis, biomedical imaging in the study of tissue structures, water quality, and
the analysis of stained tissue sections [134-136]. Moreover, a hologram can be formed from
light scattered by the particle either around the forward-scattering direction or around the
backward-scattering direction [137, 138|. The resulting image then takes the appearance of a
light-transmission or reflection image, respectively. Indeed, some authors refer to the forward
and backward holograms as transmission and reflection holograms, respectively. There is no
physical difference between these terms [139], i.e., between backscattering and reflection etc.

Backscatter holography presents a unique opportunity for particle characterization. The
color of an opaque object that one sees when it is illuminated by white light is due to the
spectral components that reflect from the object [133, 140]. And, this reflection is governed,
in part, by the material composition. Thus, it is plausible that backscatter holography
carried out with multiple wavelengths could provide information about particle material,
which is perhaps the most difficult aerosol characteristic to obtain.

The following presents an application of multiple wavelength digital holography (MWDH)

in the backscatter configuration with the goal of discriminating between particles of different
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color. Due to the difficulty of aerosol handling and control, this initial effort is carried-out
on particles that are stationary on a transparent stage, a window. However, it is emphasized
that immobilizing particles is not required and most of the methods developed would apply
to free-flowing aerosol particles in future work. The particles considered are relevant to
the largest category of atmospheric aerosols, which are called the coarse mode, consisting of
particles larger than one micrometer. While MWDH is achieved by others in various contexts
[130, 131, 141-143], this work is the first to apply it to objects of this scale, i.e., coarse-mode
particles. To the authors’ knowledge, the work is also the first to develop a MWDH-image
analysis that enables a quantitative discrimination of particles of differing color. This is
achieved by chromaticity analysis applied to the color image, where the magnitude of different

wavelength components resolved in the image represent a signature for a given particle class.

4.2 Optical arrangement

Figure 4.1 shows the optical layout of MWDH. The lasers used are CW and consist of a
21 mW He-Ne A\, = 633 nm laser, a 100 mW A, = 532 nm solid state laser, and a 10.3
mW A\, = 430 nm solid state laser. For brevity, these lasers are called red, green, and
blue in the following. Each beam passes a liner polarizer (P) and is then cleaned and
expanded by a spatial filter. The lenses of the spatial filter are selected to expand the
beams to approximately the same diameter, 5 mm, and are then combined by two dichroic
beamsplitters (DM1) and (DM2). These beamsplitters are the same as used in Chapter 3.
The combined beams appear nearly white in color. The white beam passes through another
linear polarizer to ensure polarization in the vertical direction, which is the z-axis as shown
in Fig. 4.1. Then, the beam passes through an achromatic quarter-wave plate (QWP) with
its optical axis oriented at 45° to the z-axis to produce circular polarization for reasons that
will be explained below.

Next, an achromatic lens (ACL) focuses the white beam through an iris to a waist at a
45% reflection, 55% transmission pellicle beamsplitter (Thorlabs, BP145B1). The portion

of the beam transmitting through the pellicle, along the positive y-axis, expands from its
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Figure 4.1: Optical arrangement for backscatter multiple wavelength digital holography.
Three CW laser beams of wavelengths A\, = 633 nm, A\, = 532 nm, and A, = 430 nm,
are cleaned, expanded, and combined to form a single white beam. The beam is focused
to a waist at a pellicle beamsplitter where approximately half proceeds and expands as it
reaches a concave mirror. There it is retro-reflected and collimated, and then reflected again
by the pellicle to constitute the reference beam at the sensor. The other half of the beam
illuminates a sample of micro-particles on an anti-reflection coated window. Backscattered
light from the particles that transmits through the pellicle reaches the sensor, constituting
the object beam. The inset plot (a) shows the spectral response of the sensor’s color channels
along with the laser spectra while the other inset, (b), shows how specular reflection from
the window is rejected. Further discussion is provided in the text.

waist and passes through another linear polarizer and a neutral density (ND) filter (Thorlabs,
NE20A-A). This polarizer resides in a motorized rotation mount (Thorlabs, K10CR1), which
allows the direction of the resulting linear polarization of the beam to be rotated by an angle
0, in the z-z plane without diminishing the beam intensity, aside from the attenuation of the
ND filter. The beam, which continues to expand, is then retro-reflected and collimated along
the negative y-axis by a 100 mm focal length concave mirror (Thorlabs, CM508-100-P01),
passes back through the ND filter and polarizer, and then reflects off the pellicle along the
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positive z-axis to the sensor. This collimated beam at the sensor constitutes the reference
wave required in digital holography.

The portion of the white beam incident on the pellicle that reflects from it travels,
diverging, along the negative z-axis to illuminate the particle sample. A small portion of
this incident beam is backscattered by the particles, see Fig. 4.1(b), and this scattered light
travels along the positive z-axis, through the pellicle, to the sensor to constitute the object
beam in digital holography. The particles reside on a 2 mm thick anti-reflection (AR) coated
window. Even with the AR coating, there is an unavoidable small amount of light that
specularly reflects and this enough to overwhelm the intensity of the weak object-beam at
the sensor. For this reason, the window is slightly tilted to divert the specular reflection to a
small pick-off mirror (PM) where it is then sent to a beam trap and prevented from affecting
the sensor’s measurement. The portion of the beam that does not scatter from the particles
and transmits through the window is discarded in another beam trap. The use of a trap here
is important to prevent additional portions of the beam from backscattering to the sensor.
The sensor used in this work is also the same that we used in forward MWDH experiment.
More details about the sensor is in Chapter 2.

In this configuration, the object beam consisting of backscattered light from the particles
interferes with the reference beam to form three holograms, one for each color channel. These
are denoted '°" for the red channel, I ghOI" for the green channel, and I°"° for the blue channel.
Recall that these interference patterns also depend on 6, describing the (linear) polarization
direction of the reference beam. Next, the particles are removed, which removes the object
beam at the sensor, and measurements of the reference beam are made in each channel.
These are called reference measurements, I, Ig’f, and I, Finally, the difference between
the reference and hologram measurements is formed to constitute contrast holograms [126]

as Eq. 3.1.
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4.3 Image rendering

It is now well established that an image of the objects (particles) producing the object beam
can be computationally rendered from the interference pattern of the contrast hologram, e.g.,
see |63, 144]. In the so-called in-line configuration, the hologram is produced by interference
of the portion of the illumination beam that scatters from a particle, around the forward
direction, with the unscattered portion of the same beam [126|. The image is then rendered
from the hologram using Fresnel diffraction theory (FDT) [144]. Here however, the hologram
is formed by interference of backscattered light with the reference beam. The configuration
is still in-line as the interfering beams co-propagate along the same axis and an image can
be rendered using the same FDT [138].

Figure 4.2 depicts the image rendering process. The axes in this figure correspond to those
in the experimental arrangement, Fig. 4.1. A particle is illuminated by an incident beam
propagating along the negative z-axis. A small portion of the light is backscattered, which
along with the reference beam, propagates along the positive z-axis to interfere across any of
the sensor’s CMOS arrays. An array’s surface is denoted by &y,. Each array is characterized
by an N x N square array of Ax x Ax square pixels. In actuality, the sensor arrays are
rectangular, i.e., 2064 x 1544 pixels. However, when the image is read from the sensor, it is
symmetrically cropped relative to the array center to retain only the N x N portion, i.e.,
1544 x 1544. Note that the distance between the particle and sensor is z = d, which will
be a slightly different value for each array due to the different locations of the arrays in the
Sensor.

Once the interference pattern in each color channel has been digitized and the contrast
holograms have been formed as explained in Sec. 4.2, each is used in the Fresnel diffrac-
tion integral to render an image. This integral is the Rayleigh-Sommerfeld solution to the
Helmholtz scalar wave equation describing diffraction simplified under the Fresnel approxi-

mation [144, 145|. Specifically, it reads

K(x,y,2,\; 0p) = // oMy 0p)h(x — 2’y — ' 2, \) da'dy/ (4.1)
S

h
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Figure 4.2: Image rendering process from a contrast hologram. Light backscattered from a
particle interferes with reference light across one of the sensor’s CMOS arrays/lmage ren-
dering process from a contrast hologram. Light backscattered from a particle interferes with
reference light across one of the sensor’s CMOS arrays, denoted by the &y, plane, to form a
fringe pattern. The separation between the particle and sensor is approximately d. The pat-
tern is sampled by the array’s pixels, digitized, and then supplied to the Fresnel diffraction
integral, (4.1). Evaluation of the integral across Sy, carried out in primed coordinates, for
points across the Sy plane, using un-primed coordinates, yields the diffracted wave ampli-
tude, K of (4.1). The absolute value of this amplitude equates to a silhouette-like image of
the particle if 2 = 2z, ~ d. The size of the sensor’s pixels is Az’ whereas the size of the
pixels in the image plane is Ax; these values are equal when (4.3) is used.

where K represents the complex amplitude of the diffracted wave for the \; corresponding
to a given color channel, which is indicated by the subscript ¢ in I7°". In (4.1), h is the impulse

response of free space,

exp (2miz/\; s
h,y, 2, \i) = %GXP [A«z (2* + 92)] (4.2)

Note that (4.1) takes the form of a convolution integral, and thus, can be efficiently evaluated

using Fourier transforms and the convolution theorem [63], i.e.,

K(x,y,z,\;0p) = FYFIeo oy 0,)] ® F [h(z',y, 2z, \)]} (4.3)
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In (4.3), F represents the forward Fourier transform and F~! is the reverse (inverse)
transform. The symbol ® is the Hadamard product, i.e., the element-by-element product.
The diffracted wave produced by (4.3) is evaluated in the Simg plane, which is parallel to
Sh but separated by a distance zimg. When ziys ~ d, the magnitude of the diffracted wave,
| K|, converges to form a silhouette-like image of the particle similar in appearance to what

would be obtained from a microscope.

4.3.1 Speckle suppression

Before discussing how the images from the various color channels are combined to render a
color image, the problem of speckle noise should be briefly reviewed. The highly coherent
nature of the light sources makes such noise inherent to imaging with digital holography.
Indeed, for the red laser, being a HeNe means that its coherence length is likely on the order
of a meter or greater. For the green and blue lasers, it is estimated that their coherence length
is far smaller, on the scale of millimeters, but still much larger than the particles studied.
Speckles are due to the interference of portions of the laser light scattering from random,
rough features on the surfaces intercepting the beam. In the context of this work, speckle
noise manifests as grain-like domains of sharply varying intensity several pixels in size that
are randomly distributed across the particle image. Speckle grains exhibit several statistical
characteristics that are related to the optical arrangement. As explained by Bianco et al.

[146], the mean size of a speckle grain An in terms of the sensor pixel size Az’ is

d;

An; = )
" NAzZ

(4.4)

Note from (4.4) that the speckle grains are wavelength dependent, and thus, will differ

between the color channels. In this work, the grains are An; < 10Ax’ for all channels.
Speckle noise in digital holography is a well-studied topic and numerous methods are

available to suppress the effect to varying degrees [146-153|. The approach taken here relates

to the varying linear polarization directions produced by the rotating polarizer following
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(a) backscatter hologram (b) image with speckle (c) de-speckled image
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Figure 4.3: Examples of speckle and its reduction in backscatter MWDH. In (a) is a
backscatter color contrast hologram IZy formed by the white-beam spot on a reflectance
standard in place of the window in Fig. 4.1. Only a single polarization direction for the
reference beam is used here, 6, = 0°. Reconstruction of beam-spot image from this hologram
is shown in (b). In (c), is the image after all polarization directions are included, (4.5), and
the filtering of (4.6) is applied.

the QWP in Fig. 4.1. For each polarization direction, the speckle distribution in a given
channel’s particle-image changes slightly because reflection (or backscattering) is polarization
dependent. Due to the random nature of the distribution, it is then plausible that averaging
the images as the polarization is changed will reduce the overall impact on the image quality.
This is the reason that the polarizer is mounted in a motorized rotation stage. A set of
holograms and reference measurements are taken as the polarizer rotates 6, from 0° (the
positive x-axis) through 180° in 20° steps. Recall that because the polarization state of the
white beam is circular following the QWP, the rotating polarizer does not alter the beam
intensity. Then, contrast holograms are formed for each color channel and polarization
direction and images are rendered via (4.3) for each. The i'" channel’s average image is then

given by
Np

1
K (,y,d, \)| = <= DK (@,,d, X 05)] (4.5)

p j=1
Even with the polarization-based speckle suppression, significant speckle noise remains
in the images. Further suppression of the speckle is possible by convolving a channel’s image

| K| from (4.5) with a two-dimensional Gaussian kernel G to generate a de-speckled image
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|K'| as
\K'(z,y,d, \;)| = // |K (2 ', d, \)| Gz — o',y — ) da’dy/ (4.6)
S.

img

where the kernel is given by

Glx,y) = 27302 exp [— (x22—;-2y2>} (4.7)

The effect of applying (4.6) to an image is to blur it uniformly. The parameter o2 in

(4.7) is the variance, which determines the extent of the added blur. Here, the variance is
02 = (am;)? where a = 10 such that the amount of blur is limited to roughly ten speckle
grains for a given color channel. This blurring reduces speckle noise but at the loss of spatial

(image) resolution.
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Figure 4.4: Demonstration of the simple white balance (WB) method. In (a) is plotted
the probability distribution function (PDF) for the pixels in a backscatter color hologram
image for the white beam on the reflectance standard; the image is included inset. Here,
one can see the mean of each color channel’s PDF is different. In (b) is shown the same
distribution after the WB procedure along with its effect on the beam-spot image. Both
images are de-speckled.

To illustrate the effect of the de-speckling method, Eqs. (4.5), the gray-level images
corresponding to the red, green, and blue color-channels are combined to form a color image.
This is done by basic color addition where the red channel’s (gray-level) image is colored
red and then added to the green image colored green and then to the blue image colored

blue. The luminance of each color is defined by the gray level of the corresponding channel’s
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image. For example, if a pixel in the red channel’s image has a gray level of zero, which is
black, the luminance of red color assigned to that pixel is zero, again black. If the gray level
is one, which is white, then the red color has maximum luminance, a value of one. This same
procedure can be applied to the contrast holograms /7", I;°", and Iy™ to assemble a color
contrast hologram, I, Figure 4.3(a) shows an example of I3 measured when the particle
sample is replaced by a white diffuse-reflectance standard. This color hologram is only one
of the N, holograms collected as the polarization direction is rotated; here the direction is
0, = 0°. The white illumination beam backscatters from the standard and the resulting
MWDH image is that of the beam spot on the standard. Figure 4.3(b) shows this image,
again for only the single polarization direction, and when the blurring method of (4.6) is
not applied. That is, this image displays full speckle, as does the hologram in Fig. 4.3(a).
Finally, Fig. 4.3(c) shows the image after the full de-speckle method is applied. One can

clearly see that the speckle effect is diminished to some degree and the beam-spot feature is

enhanced.

4.3.2 White balance

One challenge associated with combining multiple single-color (holographic) images to mimic
a full-color image is white balance (WB). Simply, WB is the recognition that if equal-
luminance single-color images are added, meaning red, green, and blue (RGB) images here,
the result should be a gray or white image depending on the specific luminance value. This
is the motivation for using the reflectance standard in Fig. 4.3. The standard (Ocean Optics,
WS-1) is a white surface with Lambertian characteristics, i.e., matte white, with a nearly
uniform reflectance > 98% over a broad spectral range of 400-1500 nm. Thus, the addition
of the color-channel images in Fig. 4.3 should yield a beam spot with a white appearance.
While the spot does appear white, the balance between colors is not perfect. For this reason,
a WB procedure is justified, which will be especially important for later considerations when
particles are examined.

An important factor that contributes to the need for WB is that the lasers are not equal in
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power [154|. This results in 7¢I o "y and [p°" with differing-magnitude features producing
a color image with unequal color addition for an object that is otherwise white. In other
words, the three beams do not constitute an ideal true-white light source. A simple WB
method is developed to correct for the unequal laser power and is shown in Fig. 4.4. Here, the
de-speckled image in Fig. 4.3(b) is analyzed in terms of the probability distribution function
(PDF) for each color channel in the image. The PDF is a way to visualize the distribution
of RGB pixel values in a given color channel’s image. In Fig. 4.4(a), the distribution of pixel
values clearly shows that the mean pixel value for the red channel is greater than the other
channels. The WB shifts the pixel values to the average of the means of each channel’s
PDF. Figure 4.4(b) shows the PDFs after this shift of pixel values along with the resulting
image. Note that this WB is not as sophisticated as others used in the literature for related
applications [133, 155].

To further illustrate the cumulative effect of the de-speckle and WB methods, consider
Fig. 4.5, which shows how the hologram-derived images are layered to generate a colorized
image. Here, the reflectance standard is removed and the AR-coated window in Fig. 4.1
is reinstalled. A small amount of white polyethylene micro-spheres are spread across the
window. These spheres (Cospheric LLC, WPMS-1.00 45-53 pm—5g) are non-fluorescent and
range from 45 — 53 ym in diameter. The window is placed as close as possible to the former
location of the reflectance standard, with the help of an zyz translation stage, so that the
focus-distance d in Sec. 4.3 is nearly the same, and thus, the same WB used for the reflectance
standard can be applied. Figures 4.5(a)-4.5(c) show the backscattered contrast holograms
in each color channel, I7°", Ig°", and I3, colored accordingly for the 6, = 0° polarization
direction. While it is difficult to see, each hologram features a rich pattern of interference
fringes. Figures 4.5(d)-4.5(f) show the particle images resulting from the application of
(4.3) to these holograms, again for each color channel and a single polarization direction.
In Fig. 4.5(g) is the result of layering the individual RGB images of Figs. 4.5(d)-4.5(f) via
additive color mixing to form a single color image. This image shows strong speckle because
only a single polarization-direction is considered. Figure 4.5(h), however, shows the color

image after all polarization directions are considered, the images are averaged via (4.6),
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and the simple WB is applied. Here, it is evident that the speckle is reduced, resulting in a

notably improved image. Finally, Fig. 4.5(i) shows a microscope image of the same particles.

(a) (b) ©

Figure 4.5: Synthesis of color particle-images via additive color mixing. The individual
color channel backscatter holograms, I7°", Ig°", and Ig°* are shown in (a)-(c), respectively,
white 50 ym diameter spheres on the window in Fig. 4.1. The particle images resulting from
reconstruction of these holograms are presented in (d)-(f). In (g) is the result of adding (d)-
(f). Only one of the N, polarization directions is considered for (a)-(g) and strong speckle
is evident. In (h) is shown the result of applying the speckle suppression and WB methods,
and (i) shows a microscope image of the same particles under epi-illumination.
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Figure 4.5 demonstrates several important aspects of MWDH. At the most basic level, it is
clear that digital holograms can be formed from the comparatively weak light scattered from
micro-particles around the backward direction, and this can be done for multiple particles at
several wavelengths (R, G, and B) in the visible spectrum. While this has been demonstrated
previously for a single wavelength in [138], in most work considering color digital holography
of objects at this (small) scale, the holograms are formed with the significantly more intense
forward-scattered light, i.e., the conventional in-line configuration, e.g., see [130]. Indeed, the
forward-scattered light intensity for a 50 um diameter glass sphere illuminated by A\, = 633
nm light is four orders of magnitude greater than the backward-scattered intensity [156].
The resulting color image following partial speckle-suppression and WB; i.e., Fig. 4.5(h),
does represent the particle size and shape well in addition to a fair degree of correct color
rendition. This is seen via comparison to the microscope image. However, it is clear that the
color rendition is not optimal, meaning that the particles in Fig. 4.5(h) still display uneven
pixels of R, G or B, preventing a truly uniform white appearance. The reason for this is
the fact that the speckle is wavelength dependent and the de-speckle method used is not
able to completely remove the effect. We remind the reader that more sophisticated speckle

suppression can be considered, e.g., see [133, 155, 157, 158].

4.4 Chromaticity analysis

A persistent difficulty with analyzing color images is to have a method that can characterize
the color characteristics of one image to others in a quantitative way; in particular, a method
that avoids the subjective nature of human vision as much as possible. Much work exists
on the general topic of color science, color rendering, color perception and the like, and the
reader may consult [159-161] for context and details. The approach taken here is that of
chromaticity, which has the advantage of characterizing the colors in an image in a way
amenable to visual perception while simultaneously doing so with quantitative measures.
Because human color vision involves three types of color receptors, the cones, the percep-

tion of color exhibits a property known as trichromacy. This is the concept that given three
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Figure 4.6: Chromaticity analysis of backscatter MWDH images. The distribution of
pixel colors in the MWDH image of the beam spot on the reflectance standard is shown
in (a) as points in the chromaticity plot. In (b), is the same plot following the WB and
noise-thresholding operations. Plot (c¢) shows the data of (a) and (b) together in a three-
dimensional chromaticity plot where the vertical coordinate is the luminance of a given
pixel’s color. Here, black dots correspond to (a) whereas red dots correspond to (b).

sources of light, each being a primary color such as red, green, or blue, any other perceptible
color can be rendered via simple mixing of these primaries, i.e., via color addition. The
choice of primaries involves a degree of freedom; they may be nearly monochromatic like
the lasers used here, or they may be sources of light with finite bandwidths. An important
property of the primaries is that a mixture of any two cannot produce the same perceptual
response (color) as the third. The color that one perceives can be described by three tristim-
ulus values, denoted X, Y, and Z by convention [162|, which depend on the primaries, and
describe the eye’s cone sensitivities. The tristimulus values amount to coordinates of a three-
dimensional vector in a color space, where the direction specifies the color and the length of
the vector specifies the amount of said color, i.e., the color’s luminance. By normalizing the
tristimulus values by their sum, a new set of values can be defined that do not depend on
the luminance and only specify the color. The result is a new color space with coordinates,
denoted z, y, and z by convention, and these are known as chromaticity coordinates. To
avoid confusion with the spatial coordinates of Figs. 4.1 and 4.2, these will be specified as
Zey Ye, and 2. here.

Because they are normalized, i.e., x.+y.+2. = 1, only two of the chromaticity coordinates
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are needed to specify any perceptible color as a single point (z,y.) in a two-dimensional
plot, which is called a chromaticity plot. The color is represented in this way independent
of its luminance, which is an advantage as one can analyze the colors present in an image
regardless of the intensity of any given color. An example is shown in Fig. 4.6(a) where the
chromaticity plot of the beam spot on the reflectance standard before WB; i.e., Fig. 4.4(a),
is shown. Here each pixel corresponds to a point on the plot where the corresponding color
is indicated by the background pallet. There is a special point, called the white point, where
the primaries balance to produce white. The large spread of points around the white point
indicate that the image (inset) contains a diversity of color other than white. Following the
WB procedure above and a thresholding of the pixel luminance to remove the speckle noise
background, the result is Fig. 4.6(b). One can see that the points are more tightly clustered
around the white point, indicating that the image has been transformed to a more balanced
color appearance. The luminance of each color point can be recovered from Y and used as a
vertical coordinate to produce the three dimensional chromaticity plot in Fig. 4.6(c), where
the points for both Fig. 4.6(a) and 4.6(b) are shown in black and red, respectively. Here,
one sees that the majority of the points in Fig. 4.6(a) most spread from the white point
belong to the dim speckle noise background seen surrounding the the beam spot in the inset
in Fig. 4.6(a). Thresholding of this noise and the slight shift of color of the surviving pixels

produces the distribution of red points in Fig. 4.6(c).

4.5 Particle discrimination

The purpose of the chromaticity analysis in this work is not to render the most accurate color
representation of a particle as possible with respect to human vision, but rather to enable
a quantitative, objective method to discriminate particles of different color. To explain how
this is done, first consider Fig. 4.7. Here, non-fluorescent colored polyethylene microspheres
45 —53 um in diameter are deposited on the AR-coated window in Fig. 4.1. The colors of the
spheres include the white spheres of Fig. 4.5, red spheres (Cospheric LLC, REDPMS-0.98
45-53 pum-b5g), green spheres (Cospheric LLC, GPMS-0.98 45-53 um-bg), and blue/cyan
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(a) MWDH image (b) microscope image

Figure 4.7: Color resolution in backscatter MWDH images. In (a) is the MWDH image for
a collection of colored 50 ym diameter micro-spheres with the de-speckle and WB methods
applied. In (b) is a microscope image of the same spheres under white-light epi-illumination.
The colors of the spheres include white, red, green, and blue/cyan.

spheres (Cospheric LLC, BLPMS-1.00 45-53 pum-5g). Figure 4.7(a) shows the MWDH
image reconstructed from a backscattered color hologram I3 of a collection of these spheres
following the de-speckle and WB procedures. For comparison, the same group of spheres
as imaged with a microscope in epi-illumination mode is shown in Fig. 4.7(b). This is
achieved without disturbing the particles or the window by imaging them via reflection from
the pick-off mirror (PM) in Fig. 4.1. When imaged this way, the lasers are shuttered and
the microscope’s own white light source is used. Because the microscope’s light source is
broadband with low spatial coherence, there is no speckle. One can see that while the quality

of the MWDH image is not perfect and speckle-noise remains, the image does successfully

render a color image of the group where the different colors of the spheres is obvious.

con

The success of the color-resolved image from a single /53

measurement in Fig. 4.7 is more
notable than it may appear. Recall, that the hologram is formed from backscattered light,
which is far less intense than forward scattered (or transmitted) light. Being approximately
50 um in diameter, these particles are significantly smaller than most objects in similar

attempts at color imaging with digital holography, e.g., [155]. Perhaps the salient feature of

Fig. 4.7(a) is that neighboring particles of different color, which are separated by less than
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their respective size, can be distinguished without the color content of one interfering with

the other. This can be seen most dramatically in Fig. 4.7(a) for the red and cyan particles.

MWDH

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

MWDH

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Figure 4.8: Particle discrimination based on color with chromaticity analysis. Each plot
presents the chromaticity points for the pixels of an individual particle in Fig. 4.7. The
blue/cyan particle is presented in (a), the red particle in (b), one of the white particles in
(c), and the green particle in (d). Black points correspond to the MWDH images, shown
inset in a black frame, and the red or green points correspond to the microscope images,
shown in a dashed frame of the same color. Green points are used in (b) to provide contrast
with the chromaticity diagram in the background.

Chromaticity analysis is applied to Fig. 4.7(a) to objectively discriminate particles of
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different color in Fig. 4.8. Four sub-images are formed from Fig. 4.7(a) where each is cropped
to display only a single particle from the right half of the image in Fig. 4.7(a). Although
not required, the black background of each of these sub-images is removed to leave only the
particle image without background. Each of these sub-images is shown inset in Fig. 4.8.
The same process is applied to the microscope image of Fig. 4.7(b) and these are also
shown inset. Then, points are plotted on a chromaticity plot for each sub-image, where the
MWDH image corresponds to black points and the microscope image corresponds to the
red or green points. In each case, the points are clustered in a portion of the chromaticity
plot that is representative of the overall color of the particle. The spread of points indicates
a variety of colors are present, which can be verified by close inspection of the sub-images
themselves. Overall, however, it is clear that particles of different color are differentiable
from the chromaticity analysis in terms of the region of the plot in which the majority of
the points appear. Two striking examples are the red and green particles of Figs. 4.8(b) and
4.8(d), respectively. The points are relatively tightly clustered in the red and green portions
of the chromaticity plot and one could confidently assign each particle to one of the two
colors without visual interpretation of the image. Notice that the darkness of a pixel color
in the sub-images has no effect on the position of its corresponding point’s location in the
chromaticity plot. In other words, the distribution of pixel-points in the chromaticity plot
are independent of the variation in brightness across the corresponding sub-image.

If a chromaticity plot of the pixels of the entire image in Fig. 4.7 were made, the result
would be equivalent to combining the point distributions of all the plots in Fig. 4.8. In
that case, the spread of points in Fig. 4.8, which is due to the remaining speckle noise in
the sub-images, would make it difficult to know that there are multiple objects of distinctly
different color, i.e., without engaging an observer to make the determination. Yet, as long
as the MWDH image has sufficient spatial resolution, it is usually possible to partition it
into single particle sub-images and perform the chromaticity analysis without the need for
an observer to subjectively assign particles to a given variety of color categories. It is in
this sense that chromaticity analysis is regarded as a quantitative means for differentiating

particles of different color independent of how an observer may perceive the image.
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4.6 Volume imaging with discrimination

The reader may wonder what is the advantage of MWDH imaging over conventional epi-
illumination microscopy, especially given the inferior image quality of MWDH in terms of
both color rendition and spatial resolution, e.g., recall Fig. 4.7. The answer relates to a
number of unique abilities of digital holography and the specific context in which the imaging
is done.

Recall from Sec. 4.3 that an image can be rendered from a single color hologram in
any number of image planes Sy by simply re-evaluating (4.3) for different values of the

focus distance z = d. Thus, if particles reside a different axial locations (different z), one

con

can bring each into focus from I}

post-measurement. This has led to a variety of volume
imaging applications [5, 163-165|, and in the case of a single wavelength, Subedi et al. [137]
shows this can be done over an axial distance greater than 4 cm. For the same to be done
with microscopy requires that multiple measurements (images) be taken with mechanical
adjustments of the position of the microscope, or optical element within, in order to have
a focused image for each axial location. For the stationary particles here, there is little
practical advantage for MWDH in this regard as it is straightforward to simply capture
multiple images with the microscope. However, if the particles were moving, as would be the
case in an aerosol for example, imaging with a microscope would become highly challenging.
This is because it is often difficult to control the trajectory of aerosol particles to flow within
a volume confined to the microscope’s depth of focus. Moreover, the particles generally move
too fast for a microscope to be mechanically re-focused.

Figure 4.9 demonstrates the advantage of MWDH in this regard. Here, different particle
samples are placed on both sides of the window in Fig. 4.1, called side 1 and side 2. On side 1,
which is closest to the sensor, the particles are the ~ 50 pm diameter white micro-spheres of
Fig. 4.5, and on side 2 an axial distance of 2 mm farther from the white particles are yellow-
colored chalk-dust particles, with an average size of ~ 50 — 100 um. A single backscattered
color hologram [7' is captured and an image is reconstructed at the two different focus

depths corresponding to the axial locations of side 1 and 2. The WB and de-speckling
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Figure 4.9: Volumetric discrimination of particles by color with backscatter MWDH. White
micro-spheres 50 um in diameter are deposited on side 1 of the window in Fig. 4.5 and yellow
chalk-dust particles are deposited on the other side, side 2. The particles are thus separated
by 2 mm along the axial direction, i.e., the z-axis. In (a) is the image resulting from the
backscattered color hologram where the focus distance in (4.3) is selected to bring this side
into focus. White particles are evident, one of which is outlined in red. In (b) is shown the
microscope image of the same region of the window, again focused (manually) to bring side
1 into focus. Chromaticity analysis is applied in (c) to the particle in the red outline in (a)
and (b). In (d)-(f), the same analysis is applied to side 2 where the chalk particles reside.

methods are also applied. Then, the particles on each side are imaged with the microscope.
In Fig. 4.9, the first row considers the white particle on side 1 with Fig. 4.9(a) showing the
MWDH image, Fig. 4.9(b) the microscope image, and in Fig. 4.9(c) is a chromaticity plot
of the image pixels for the particle inside the red outline in the two images. The second
row in Fig. 4.9 shows the same analysis for the chalk particles on side 2. Comparison of

the MWDH-image quality to that in Fig. 4.7 shows a degree of degraded quality, which is
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attributed to the increased speckle noise due to the greater concentration of particles used
and the greater degree of particle-surface roughness of the chalk. Nevertheless, comparison
of the MWDH and microscope images in Fig. 4.9 shows that holography is able to render
both the morphology and color of the particles well enough that they can be associated
unambiguously with the corresponding microscope images.

Examination of the chromaticity plots in Fig. 4.9 reveals that white particles are clearly
differentiable from the yellow chalk and the MWDH colors are close to those rendered by
the microscope. Perhaps as important is the spatial color resolution. While Fig. 4.7(a)
shows that particles of different color are resolved for neighboring particles less than 50 ym
apart in the lateral directions, i.e. x and y-axes, here one sees that different colors are also
differentiated well along the axial direction. That is, the yellow particles in Fig. 4.9(d) on
side 2 do not prevent the rendering of a mostly white particle on side 1. Of course, if yellow
and white particles were to be at the same lateral location on sides 1 and 2, then it would be
unlikely that this degree of color separation would be seen as the images would overlap. As
a final note, Figs. 4.9(d) and (e) demonstrate that nonspherical particles are rendered well
in terms of size and shape with MWDH, at least for particles of this size (approximately

50 pm).

4.7 Discussion

This work has demonstrated the feasibility of imaging individual particles approximately
50 um in size and in color over a three-dimensional volume from a single backscatterd color
hologram. The significance of this demonstration lies in the fact that most applications of
color digital holography consider far larger objects and that given the comparatively small
size of the particles here, the backscattered light is orders of magnitude weaker than related
demonstrations. Because of the backscatter nature of the measurements, speckle noise is
most pronounced and it significantly impacts efforts to white balance the images. However,
we emphasize, again, that the objective is not to develop the most perfect color image of

particles, but rather to have enough color resolution in an image to discriminate particles
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of substantially different color. This is achieved via chromaticity analysis, see Sec. 4.5. The
unique ability of digital holography to bring particles at different axial positions into focus
after the fact has useful applications. These would include imaging moving particles, such as
aerosols, and the development of instruments capable of imaging particles in a contact free
manner without the need to move optical elements. Our work adds color to these abilities

and a method to distinguish particles of different color in a quantitative, objective manner.
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Chapter 5

The Color of Aerosols

The following work uses MWDH to generate a color image of aerosol microparticles. Three
different pulsed lasers are combined to produce white light. In addition, a Mach-Zehender
interferometer is used to interfere the backscattered light from the freely flowing aerosol
and the reference beam. A prism CMOS sensor captures the interference patterns. A trigger
system is built to monitor the events that activates when particles enter the sensing region. A
digital delay generator is used to adjust lasers’ and the sensor’s latency. Further, the Fresnel
diffraction theory is used on the three holograms (R, G, and B) separated from the sensor’s
color hologram. The monochrome images obtained from each hologram are then combined
to produce a color image by using a color additive approach. For color calibration, different
colored polyethylene microspheres are used. A few minerals of various colors are aerosolized
and chromaticity analysis is applied to the color images to demonstrate the ability of the
MWDH approach to quantitatively characterize aerosol particles of different colors, shapes,

and sizes.

5.1 Introduction

The primary interest in this work is the determination of the morphology of a coarse-mode

aerosol particle (CMA) in situ. CMAs are global atmospheric aerosols that have an impact
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even thousands of miles away from their origins. The size range of CMA particles is approxi-
mately > 2 um or larger [126, 166] and is widespread in agricultural fields, deserts, and urban
areas |33, 167]. Such particles are complicated not only in terms of morphology but also in
terms of refractive indices. Calculating the refractive index is important during modeling,
as it influences the reflection and absorption of the particle to sunlight [19]. Remote sensing
is typically used to estimate the refractive index of the material, although this is not precise
in general. In this situation, an accurate characterization of aerosol particles is critical for
modeling aerosols to understand their impacts better, but it is not an easy task. Numer-
ous studies have been conducted on the characterization of aerosol particles, for example,
characterization by using atomic force microscopy, X-ray microscopy, etc. [168-170], and
some studies use the optical trapping techniques; see [37]. However, these studies have been
performed by collecting samples in the field and taking them to the laboratory for analysis.
To properly assess the sample, it must be handled and transported without causing any
distortion of the morphology and chemical properties. To address such problem, one should
devise a novel method that is collection-free and capable of working in the actual aerosol
environment using a portable platform like [111].

As already explained, light scattering is a tried and tested method to assess angle-resolved
light scattering measurements related to aerosol particle size and shape [171-173|. However,
inferring particle morphology from scattering patterns of complex-structured particles is fre-
quently problematic because there is no acceptable way to accomplish this association. As
an alternative, a new measurement strategy based on an accurate morphology characteriza-
tion is needed rather than presumptions. Imaging with MWDH becomes an excellent way
to characterize aerosols. In addition to being an excellent method for free-flowing imaging
of aerosols, MWDH can also be beneficial for a wide range of other purposes, particularly in
the fields of atmospheric and climate science, as well as industry, health, and agriculture.

The following study provides an innovative optical experiment method in which aerosolized
CMA particles are imaged using a MWDH approach. This research aims to develop a novel
sensing mechanism capable of characterizing individual CMA particles on the basis of their

structure, size, and color. Previous experiments in DH have used a single wavelength laser

70



to produce holograms based on particle transmission or reflectance properties for the given
wavelength, a grayscale image is generated [174]. The multiwavelength approach used in
this work can produce a color image of aerosols that helps differentiate them based on their
color properties. MWDH itself is not new, but the novelty of this work is the application of
color DH to characterize free-flowing aerosols at the micrometer level. In addition, aerosol
color images are also analyzed using a color-metric technique called chromaticity analysis.
This analysis quantifies the color content in the image regardless of the apparent brightness

of the color.

5.1.1 Optical arrangement

A back scatterer digital holography experiment for color imaging of aerosol particles is shown
in Fig. 5.1. Choosing suitable lasers is fundamental to produce good color images from holog-
raphy. Color holography requires at least three lasers with different wavelength. A typical
white beam that is utilized to illuminate the particle is created by combining the spatially
filtered and expanded laser beams. A color hologram is created using the backscattered light
from the freely-flowing particles that successively interfered with a reference beam. In this
experiment, three primary color lasers are used: the red (QL-656-100 Crysta laser) with a
wavelength of 656.5 nm and maximum pulse energy of 15 uJ, the Q-switched Nd:YLF, the
second-harmonic green laser (dc-50-527, Nd:Y1F) with a wavelength of 526.5 nm and maxi-
mum pulse energy of 1 mj, and the blue (QL-440-50 Crysta laser) with a wavelength of 440
nm and maximum pulse energy of 10 uJ. The red and blue lasers are horizontally polarized,
and green is vertically polarized. To adjust the polarization state of the lasers, a half-wave
plate is mounted on a rotating mount and placed in front of each laser. The polarized beams
are then aligned parallel to the optical table using the beam waking technique by two flat
mirrors. The aligned beams are then cleaned and expanded to a diameter of (~5mm) using
a spatial filtering method. The first planoconvex lens (e.g., PCL1) focuses the beam. A pin-
hole removes any artifacts present by passing only the focused beam. Finally, the expanding

beam from the pinhole is collimated by a second planoconvex lens (e.g., PCL2). Here, the
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pinhole and PCL2 focal length selection determine the beam size after collimation. Attention
is paid to selecting the second lens to ensure that the size of the laser beams is approximately
equal. The reason behind to choose a Planoconvex lens is that, it works best for focusing
parallel rays into a single point with a minimum aberrations. Following collimation, two
dichroic mirrors, DCM1 and DCM2 combine laser beams and produce almost a white beam.

More detail about these dichroic mirrors is explained in section 3.2.
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Figure 5.1: Optical arrangement of MWDH for free-flowing aerosol particles. Three pulsed
lasers of wavelength A, = 656 nm, A, = 527 nm, and A, = 440 nm are combined by two
dichroic mirrors (DCM) to produce a white beam. A cube beam splitter is used to split
the beam in a 70:30 ratio. Then, two delayed stages (DS) are used to fold the beams and
adjust the distance to manage the path lengths so that the backscattered light from the
particles interferes well with the reference beam. In a trigger system, when particles reached
the sensing region, the trigger beam is scattered and collected by a PMT. The PMT then
activates the three lasers and the sensor to capture the color hologram of the particles.

The white beam is then circularly polarized by an achromatic quarter wave plate (QWP),

then divided into two perpendicular beam using a cubic beam splitter (CBS) with a transmission-

reflection ratio of 70:30. The beam transmitted by the CBS, the object beam (OB), is di-
rected at aerosol particles, whereas the reflected beam is later used as the reference beam

(RB) during interference. The pulsed lasers used here are low in coherence length, and the
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blue laser has the lowest among three, i.e, less than a millimeter. The coherence length
is calculated by measuring the spectral width of the pulse by a spectrometer. Therefore,
matching the path lengths between OB and RB is particularly important to observe a good
interference between them. Two delayed stages (DS) are used to fold the beams and adjust
the distances to manage the path lengths so that the backscattered light from the particles
interferes well enough with the reference beam. To calibrate the delay stages, a bare glass
fiber is placed where the aerosol stream would otherwise flow in the sensing region, which
is explained more in section 5.1.2. To make things simple, DS on RB is kept fixed after the
path of the two arms become roughly equal. After, the path length of RB is gradually change
for fine tuning through a motorized linear translation stage until the contrast interference is

observed.
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Figure 5.2: MWDH laboratory arrangement for free-flowing aerosol particles on an optical
table.
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Following the OB folded by the DS is focused by an achromatic lens (ACL) on a waist
through a pellicle beam splitter (PBS) that has 45% reflection and 55% transmission (Thor-
labs: BP145B1). There is significant amount of stray light originating from multiple reflec-
tion between the various optical surface even though they are coated with an antireflection
coating. The augmented back-reflections from all optical surfaces is strong enough to sat-
urate the sensor. Therefore, to prevent the back-reflected light from reaching the sensor,
wedge windows are used in multiple places, as shown in Fig. 5.1. The wedge surface of the
window deviates the back reflections out of the optical axis. Now, the converging OB that is
transmitted from the PBS and focused and diverged as it moved toward the sensing region
along the y direction. By converging the OB to a waist near the particle, the intensity is
significantly increase and thus the backscattered light from the particle is also more intense.
Once the particles are illuminated, a small amount of light is scattered back on the nega-
tive y-axis. PBS subsequently reflects it towards the sensor along the z-axis. A beam trap
eliminates the portion of the beam that passes unscattered along the y-axis. To prevent the
sensor from being overexposed by RB, the intensity of RB is reduced with a neutral den-
sity filter (ND= 0.5). When the particle arrives in the sensing region, the scattered trigger
beam might also influence the sensor. A notch filter (Semrock: NF03-633E-25) is placed
in front of the sensor to block scattered trigger light from entering the sensor. The weak
intensity backscattered light from the particle interferes with the RB, and the sensor records

the interference.

5.1.2 Trigger and electronics system

The trigger and electronic system is similar to that is explained in Chapter 3. When the
particles reach the sensing volume, the trigger beam is scattered. The PMT collects the
scattered light through a series of optical components. The PMT signal is passed through a
series of electronic components and then used to trigger the lasers and the sensor as explained
in section 3.2. A band pass filter (ThorLab: FL05635-10) is used in front of PMT to filter out

all other wavelengths except 637 nm. The pulse durations of the lasers are set to 300 ns. The
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delay between the laser and the sensor is adjusted appropriately for full pulse integration.
For this, the sensor is set to activate approximately 350 ns before the laser pulses and shuts

off after 350 ns when the pulse has finished its duration. The T'TL pulse is sent to a digital

(b) P
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Figure 5.3: (a): The trigger system. When the particle arrives in the sensing zone, a
collimated FC laser of wavelength 637nm is scattered. The scattered light is collected by the
PMT while the unscattered light is eliminated through an SFM. The PMT signal is later
used to activate the main three lasers and the sensor. (b): Picture of the trigger system of
the actual laboratory arrangement.

delay generator to perform a delay on the lasers and the sensor. The delay generator then
adjusts the duration of the laser pulses and the relative latency between the laser and the
sensor. The measured relative latency of the sensor over the lasers is approximately 159 ns.
As mentioned above, pulse widths of DDG output signal for lasers are about 300 ns, and
for the sensor, it is 1 us. These pulses are short enough for the particles to capture a hologram
without blurring throughout the measurement at a flow rate of approximately 1m/s. Once
the latency in lasers and the sensor have been appropriately addressed, an optical fiber is
inserted into the sheath flow nozzle through which aerosols will flow later. Using a bare
glass fiber inserted into the properly mounted sheath flow nozzle. This helps to adjust the
delay stages until a backscatter hologram of the stationary fiber appears on the sensor and

also assists to align the OB, RB, and the trigger beam. The sheath flow nozzle system and
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Figure 5.4: Electronic circuit diagram to rectify PMT signals. An analog processor converts
the scattered trigger beam from aerosol particles received by a PMT to a sharp positive edge.
Then the signal is amplified 1000 times by an amplifier. The amplifying signal is converted to
TTL by the NIM-TTL converter. The TTL signal acts as an external trigger for the digital
delay generator, causing the delivery of signals to lasers and sensors to delay to compensate
for the relative latency between lasers and the sensor.

the entire trigger unit are mounted on two separate XYZ translation stages and adjusted to
allow trigger and object beams to pass through the fiber and keep the fiber roughly in the

center of the beams.

5.1.3 Sample collection and preparation

Suitable sample materials that are typical and similar to atmospheric particles are needed
for laboratory research to study the characteristics of aerosols. Most of the dust in the at-
mosphere is made up of different types of minerals. This study used four different colored
standard spherical particles and a wide range of different minerals for the analysis. For cali-
bration, various standard color spheres are purchased from a commercial vendor (Cospheric
LLC). The particles are in size range of 45-53 um. The selected calibration particles are
opaque white particles (WPMS-1.00 C-5g) made of titanium dioxide (TiO2), red polyethy-
lene (REDPMS-0.98 45-53um-5g), green polyethylene (GPMS-0.98 45-53um-5g), and blue/-
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cyan polyethylene microspheres (BLPMS-1.00 45-53um-5g). The minerals are received from
the Department of Geology at Kansas State University and the road dust is collected in glass
containers from neighboring agricultural fields. In the laboratory, the samples are pulverized
with a mortar and pestle, and the powder is gently dried in a low-heat oven to evaporate the
moisture. Dry powders are cascaded through a series of sieves to separate particles of sizes
greater than 40 pum but smaller than 210 um. The separated powder is then collected in

glass vials and stored in a desiccator to keep it dry until it is aerosolized in the experiment.

A - olivine B - malachite C - sulfur D - road dust

—

E - lazurite F - agyrite G- hematite H - kaolinite

~.

Figure 5.5: Picture of prepared mineral samples. The bulk of the minerals are pulverized
using mortar and pestle and cascaded through series of sieves of different opening sizes.

5.1.4 Aerosol generation

An aerosol generator system is already explain in details in Chapter 3. The sheath flow
nozzle delivers a stream-line flow of aerosols to the sensing volume, where a trigger system
is continuously monitored for the event to occur. In this work, unlike the trigger system

explained in section 3.2, the entire trigger system is constructed on a cage system. Mounting
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Figure 5.6: (a): Sketch of an aerosol particle generation system. Aerosols are produced
by providing positive pressure to dried particles in a round flask. An ultrasonic water bath
vibrates the sample to disintegrate the aggregations if present. A sheath air is used to
circumvent the aerosol stream that exits the inner nozzle that controls the flow rate and the
divergence angle of the flow while exiting the outer nozzle. (b): lab image of the aerosol
system as described.

the system on a cage that can be translated by a XYZ translation stage helps to align the
trigger beam in a precise manner. The trigger system consists of a fiber pigtails collimated
CW laser of a wavelength of 637 nm. As shown in Figure 5.3(a), the trigger beam is
perpendicular to the direction of the white beam, that is, along the y direction. As the
particles come in contact, the trigger beam is scattered. A positive lens collimates scattered
light from particles while focusing unscattered light on the waist. First, the focused beam is
eliminated by a 500 um pinhole mirror positioned at the waist at an angle of 45 degrees to the
trigger beam’s direction. Later, the collimated scattered light from the particles is converged
by another positive lens to a photomultiplier tube (PMT). To prevent false triggering of the
PMT, it is protected with a bandpass filter (Thorab: FLH05633-5), which blocks the stray
lights.

5.1.5 Speckle reduction

Although the lasers used in this work are less in coherent length compared to the CW lasers

used in our previous work in Chapter 4, speckle noise is always expected to be present in the
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image. Speckle noise occurs when a coherent laser illuminates the rough surface of aerosol
particles. The laser is randomly scattered with random phases, and when the phases interact
with each other, they produce micro fringes. Subsequently, the micro fringes appeared in the
image when the hologram is reconstructed as grain-like structures and randomly distributed
across the images with significantly varying intensity. The size of these speckles can be
statistically explained in terms of the physical parameter of the optical experiment as given
by Eq. 4.4. Where An is the mean size of a speckled grain,d is the focus distance while
reconstructing the image from the hologram, \; is the wavelength of the laser, and Ax is the
sensor pixel size.

Speckle noise reduction is one of the most studied topics in coherent digital holography.
In our previous study in Chapter 4, the particles are on a glass window with the antireflection
coating, and the speckle noise is reduced by averaging several images from the holograms
produced by rotating a plane polarizer. A QWP is used to circularly polarize the input beam
before passing through the plane polarizer which is install on a rotating mount. The details
is explained in section 4.3.1. Inspired by our previous work, which shows that multiple
polarization can reduce the speckle in the image. However for moving particles, it is not
possible to capture multiple images with different polarization of the reference beam. For
this an optical component is required that can produce the spatial polarization with in the
beam. To incorporate this problem, a depolarizer (Thorlabs, DPP25-A) is used to produce
a spatial periodicity on the input beam’s polarization (or pseudorandom polarization). The
depolarizer prevents the micro fringe formation and reduces the coherent interference of the
backscattered light because light with different polarization interferes less.

The depolarizer technique is effective to some extent but does not entirely remove the
speckle effect. As a result, there is still a significant amount of speckles present in the image.
Furthermore, the speckle is minimized by implying a Gaussian convolution over |K|* in
Eq. (4.3) with a two-dimensional Gaussian kernel G to generate a despeckled image |K'| as
in Eq. (4.6). The Gaussian kernel is given by Eq. (4.7). The Gaussian convolution method
is beneficial for reducing the speckle effect on the image; however, the uniform blurring also

reduces the resolution. In Eq. (4.7), 0% = (om;)? is the variance of the value of pixels in
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a particular image channel. Here, the value « controls the amount of blur in that color
channel. In this work, the value of « is 10; that is, the convolution that is considered
ten neighborhood speckle grains in the calculation. The best image resolution that can be
achieved in this study is effectively set by the value of n; , which range approximately 16 to 30
um in this work. This explains why the resolution is lower than that of forward-scatter DH
images of comparable aerosol particles obtained using equivalent optical systems in Chapter

3.

5.1.6 Chromaticity analysis

Color perception in human vision is arbitrary [175]. Characterization of aerosols in terms of
color requires a sophisticated method that eliminates bias and able to analyzes the colors of
an image in quantitative manner. Many studies have been conducted on colorimetry, color
science, color perception, and other color metrology, see [175-177]. The originality of this
study is that it quantifies the color of the image using a technique known as chromaticity
analysis (CA). The advantage of using CA is that it can objectively measure the colors and
describe them in an image corresponding to how humans perceive color. The visible spectrum
ranges from deep blue (380 nm) to red light (700 nm). To sense the visible colors, the human
vision system utilizes three types of color receptors or cones. Different wavelengths of visible
light cause the cones to respond differently. When receiving light reflected from objects,
cones can detect primary colors in red, green, or blue. Any color other than primary colors
can be detected simply by mixing the three primaries. The concept of rendering the image
in this way is known as trichromacy [178].

According to the tristimulus system, color is created using the contributions of three
primary colors. It can be quantified in coordinate values of X, Y, and Z that represent
the sensitivity of the cones and visually matched under normal conditions. The tristimulus
values are the three-dimensional vectors in the color space, where the length and direction
represent the amount, i.e., luminance, and type of color, respectively. The value of chro-

maticity coordinates (z., ., z.) is calculated by normalizing the tristimulus value by their
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Figure 5.7: Chromaticity analysis of the image of white spheres obtained from MWDH
before and after white balance. (a): CA of the image of white spheres 50 um obtained from
MWDH before WB. (b): CA of the image of the same particle after WB and CA of the
optical microscope image plotted together in a chromaticity plot.

sum, which does not depend on the luminance, but only represents the colors. Transforma-
tion of the tristimulus value to the chromaticity coordinate has the benefit of examining the

color contained in the image regardless of its brightness.
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In the chromaticity plot shown in Fig. 5.7, two of the coordinates (x.,y.) are capable of
representing any observable color as a single point on a two-dimensional graph. The third
component, which represents the luminance, can be easily calculated using these coordinates,

as they are normalized, that is, x. + y. + 2. = 1. If two colors are represented by two
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points on a chromatic diagram, the color generated after mixing these two colors always
lies in a straight line between these two points. Any set of three colors defines a triangular
region in the chromaticity diagram. The chromaticity coordinate specifies the corners for
that particular color. Any color falling into this triangle combines the three colors with a
different proportion. Such a triangular region is commonly called a color space. A white
point is a unique location on the chromaticity plot where the three primaries mix equally.
The white point (WP) on the chromaticity plot is essential because it allows one to gauge
how saturated the colors are in the image. The saturation measures the purity of color in
the image. The saturation is independent of the brightness of the image. Darker images can
also have a high color saturation. The saturation label can be measured by drawing a line
from the white point to the border of the chromaticity plot. As one moves away from the
WP towards the edge of the diagram along the line, the image has increased saturation in
that particular color. For example, if the chromaticity distribution of an image falls close
to the white point, the image will be less saturated; however, if the distribution is located
farther from the white point and closest to the border, the image will be more saturated in

that particular color signature.

Color Space in Chromaticity Diagram

Chrominance is a term that defines the hues, and the saturation of a color can be quantified
by chromaticity analysis. The chromaticity diagram represents the chrominance of a color
independent of the image’s luminescence (brightness). Various CCD sensors have different
spectral sensitivity and introduce different responses to RGB values [179, 180|. This variation
caused an ambiguity in the color representation. To account for this device-dependent color
production, a standard model is required that correlates the device’s RGB signals to the CIE
color matching function. One such model is the standard RGB (sRGB) color space model
implemented in many sensors and digital media, including the sensor used in this experi-
ment. SRGB is an international color standard defined by the International Electrotechnical

Commission (IEC) [181]. This color space is standard and adapted by many display devices
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and applications, such as JASC Paintshop, Photoshop, Microsoft windows, and many others
[182]. However, the color-gamut covers a smaller area in the chromaticity diagram. As R =
(0.64,0.33), G = (0.30,0.60), B = (0.15,0.06) are the corner points of the sSRGB color space
and forms a triangle in the chromaticity diagram, see dotted triangular region in Fig. 5.7.
The device with sSRGB color space can only produces the colors that covers by this color

space [182, 183|.

5.1.7 White balance

After dealing with speckles in the images, white balance (WB) became a fundamental chal-
lenge when multiple single-color (holographic) images are combined to reproduce the full-
color image. Most importantly, it is evident that lasers with unequal power yield inaccurate
color in the image of the particle in MWDH. Human eyes have color constancy, allowing
them to adjust to various lighting conditions, whereas digital sensors lack this feature. The
purpose of white balance is to produce an image that appears to have been captured in a
white-light environment. To represent the accurate proportion of primary red, green, and
blue colors in the final image one need to perform a WB on the image in MWDH. This
should be done in a way that the image roughly represents the particle’s natural color in
white light illumination. Here, we utilize a simple white-balance technique to account for
the unequal power of the lasers. The WB can also be done as exercised in section 4.3.2. The
fundamental idea of simple WB in both works is that an image of a calibrated white object is
considered white balanced when the pixel values of each channel must induce equal camera
responses i.e, the value of RGB should be (¢, ¢, ¢), where ¢ ranges from 0 to 1. However, in
this work we set the value of RGB value to the maximum camera responses , i.e, (1,1,1) In
other words, the white balance images should have normalized pixels, that is, R / Rmax, G
/ Gmax, and B / Bmax [184]|. By doing so, one can achieve a vibrant image possible. In
this context of WB, white spheres of known size and color are aerosolized as a proxy. The
white spheres (Cospheric LLC, WPMS-1.00 45-53 pm—5 g) are nonfluorescent and range

from 45-53 pm in diameter. These spheres are chosen because their reflectance functions are
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consistent over a wide range of wavelengths, and white surface of the spheres scatters ~ 99%
of light incident over it. The WB is followed by despeckling the reconstructed image of each
channel by normalizing, where the brightest pixels value of the array becomes 1 and darkest
pixel becomes 0. The normalization factors of white sphere of each channels are taken as
references and will be applied to the pixel value of the respective color channel for all other

color images later.
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Figure 5.8: Chromaticity analysis of aerosolized color micro-spheres and non-spherical

malachite mineral dust image from MWDH along with the corresponding white light optical
microscope image is shown. (a,b) CA of the image of aerosolized 45 — 53 um red and cyan
microspheres obtained from MWDH and the image of the same spheres using a white-light
microscope. (c¢) CA of the image of the malachite mineral obtained from MWDH and the
image obtained from the microscope.

Figure 5.7 shows the effectiveness of the white balance in the image of white particles
(holography). One can observe that before white balance, the image is more greenish; how-
ever, the WB shifted the pixel value of each channel so that the combined pixel value in the
final images falls around the white point in the chromaticity plot. The distribution of the
points keeps the white point in the middle, indicating that the image is white, but it still
contains the speckle noise that shifted a few pixels slightly away from the white point.

To further highlight the effectiveness of the speckle noise reduction and the white balanc-
ing approach, several primary color particles are used, including red spheres (Cospheric LLC,

RPMS-0.98), green spheres (Cospheric LLC, GPMS-0.98), and blue/cyan spheres (Cospheric
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LLC, BPMS-1.00 45-53 m). In Fig. 5.8, the chromaticity plot of these color spheres acquired
with holography is shown, and the color representation is compared to the chromaticity of
the color microscopic images. Figures 5.7 and 5.8 show many key characteristics of MWDH.
The MWDH approach produced color images using weak backscattering light from the mi-
croparticles. This approach can image a wide range of color particles with significant color
accuracy with several wavelengths (R, G, and B) in the visible spectrum. Although forward-
scattering and digital backscattering holography have been studied in several publications to
characterize such small-scale particles, this is a first for multiwavelength digital holography
in aerosol particles. More importantly, for a glass sphere with a 50 um diameter illuminated
by the light of A = 633 nm, the forward scattering light is four orders of magnitude greater
than the backward scattering intensity [185]. The color image produced after partial speckle
reduction and WB in Figures 5.7 and 5.8 provides the particle size and shape, in addition to
the fair accuracy of the color rendition. The Fig. 5.7(b) shows wider distribution of points
around the white point, which limits a real uniform white appearance as would appear under
a microscope, indicating that the color rendition, in this case, is not optimal. The speckles
in the image are wavelength-dependent, and the despeckled approach used in this work can-
not eradicate the effect. However, one can practice more sophisticated speckle methods, see

[147-149).

5.2 Results

When light is incident on a material, some photons bounce off the surface, some pass through
it, and others are absorbed. Light scattering or absorption might depends on the elemental
composition of the materials. Different in composition have different ability to absorb or
scatter light. For example, hematite looks red because it scatters red light and absorbs the
rest of the visible colors contained in incident light. In contrast, olivine looks green because
it absorbs all of the other colors except the green color. Since modern sensors and computer
technology have provided standardized color definitions, colors can be applied to identify

materials. The color of any material is one of the key characteristics that make it possible to
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identify its composition or type. It is a visual characteristic widely used to identify minerals
in optical mineralogy . However, our objective in this study is not to precisely identify the
composition of the material but rather to characterize aerosols according to their shape, size,
and color. Chromatic analysis (CA), as discussed above, is used to quantify the color of an
aerosol. CA is a relevant way to analyze the color contained in an image, as it replicates
the spectral reflections from a surface of the material based on the RGB sensitivity of the
human eye. The quantifiable feature of CA allows one to differentiate between two colors, as
each coordinate on CA represents a unique color. Then, it is evident that particles made of
different materials might have different distribution points on the chromaticity diagram and,
therefore, be able to differentiate from one another without further measurements. When
the chromaticity signatures of different aerosols are compared, it is possible to identify the
different aerosols. The DH used in this work can access not only the shape and size of the
particle but also its color. In this case, the color offers an additional characterization that
aid in identifying aerosols. For example, minerals’ morphology and color differ from those of
pollen, bioaerosols, etc.

Measurements are made on various minerals to verify the objective of discriminating
particles based on their shape, size, and color. Since mineral dust (MD) is a significant
and widespread atmospheric CMA component, this study may be useful for many other
atmospheric investigations.

During the experiment, the mineral dust samples except the road dust are generated
by pulverizing rock samples provided by the Department of Geology, Kansas State Univer-
sity (KSU). As stated in the section 5.1.3, collected particles in a particular size range are
aerosolized and digital holograms are recorded. The colors of the minerals are analyzed
through CA using their holographic color images shown in Fig. 5.9. During CA, the black
background of each image is removed, leaving only the particle image for evaluation. Al-
though not required, cropping the images reduces the noise that the background adds to
the chromaticity plot. Each black point in the CA distribution represents a color coordinate
(e, ye) of a pixel in the image. The distribution of these coordinates is called the particle’s

chromaticity signature, which represents the overall color of the particle. The distribution of
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Figure 5.9: Chromaticity analysis of a variety of free-flowing mineral dust aerosol par-
ticles is shown. Various mineral crystals are pulverized in the laboratory. The powder is
aerosolized, and the holograms are recorded in MWDH. Each particle-image corresponds to
a separate measurement. The images obtained are plotted in a chromaticity diagram. In the
chromaticity plot, each black shaded region represents the particle’s chromatic signature.
The shown scale bar is of length 100 um. Also, an optical microscope image of a typical
particle obtained from the powder from which the aerosols are produced is shown in the
bottom right corner of each panel.

points indicates the presence of a range of colors, which is confirmed by carefully examining
the image. In the plot, while observing the area where most of the points occur for different
minerals, it is clear that particles of various colors are distinct from each other. Although
they have noticeably different brightness, particles have a similar chromaticity signature,
highlighting one of the benefits of using CA. The reader should be aware that in images, for
example, in Fig. 5.9 (a), the position of chromaticity signatures on the chromaticity plot is
not significantly affected by the brightness of the color of the pixels in the images. In other
words, the brightness variation contained in the corresponding image does not affect the dis-
tribution of pixel points in the chromaticity plot. However, the shifted-point distribution for
the different particles Fig 5.9(a)-(h) clearly shows that the particles are noticeably different.

CA can show sufficient variation of the particles’ spectral reflections (or absorption).
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Figure 5.10: Material inhomogeneity inside a single mineral-dust aerosol particle is demon-
strated. (a): The chromaticity signature of an azurite mineral obtained via MWDH is shown,
showing both green and blue contributions. The particle exhibits discrete regions of green or
blue that are noticeably bigger than the ~ 30um speckle size in the MWDH image. Given
that the particle is mostly made up of a green and blue mineral, indicates the particle is
inhomogeneous. (b): The same aerosol particle is examined, but the chromaticity signature
is only shown for the particle-image pixels located inside the circles indicated. Similar to
the azurite particles in Fig. 5.9(F), the blue signature also appears in this region of the
color space, while the malachite is most closely associated with the green characteristic as in
Fig. 5.9(B). The second image in (b) shows a monochrome image produced by reconstructing
the identical particle image using just A,. There isn’t any obvious proof of the inhomogeneity
in this image.

As explained above, each point on CA has a distinct color coordinate that allows it to
differentiate particles with very close color differences. However, particles with almost white
appearance and have low contribution to a particular color are hard to distinguish. In our
study of MDs, they have sufficient visible color differences that can be easily differentiated in
CA. But, sometimes, it can be challenging to tell whether two fundamentally different particle
types belong to the same categories or not when their chromaticity signatures are almost
identical. Fortunately, this limitation can also be overcome in MWDH since the hologram

provides information on the shape and size of the particles along with the color. One type

of aerosol may have a morphological character different from other types of particles. For
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example, many pollen grains have a basic symmetry morphology, such as spherical, capsule,
and bean-shaped shapes. However, most minerals exhibit significant irregularity in shape,
sharp edges, and uneven surface profiles.

A sample of a particle with a consistent color signature or a particle with a homogeneous
composition is shown in Figure 5.9. In this examination, holographic images of several
types of aerosolized minerals are fed into the CA, generating distinct clusters of points in
the chromaticity diagram for each mineral. The chromaticity signatures in the chromaticity
diagram are distinct enough that one can visually identify their types and recognize the color
of certain minerals both subjectively and quantitatively. For example, azurite appears blue,
and there is a distinct cluster of points in the blue region of the diagram. The graphic 5.9 also
reveals that minerals that are difficult to differentiate with the eyes can be quantified here by
CA. Lazurite and azurite, for example, both appear deep blue in human eyes and are difficult
to distinguish, yet they differ significantly in CA. In addition, particles sometimes have a
heterogeneous composition. In other words, the particle is composed of two or more separate
compositions. In this case, the particle has a color variation on its surface. The chromaticity
signature for such a particle does not appear in a specific area of the CA but rather extends
or covers a larger area of the chromaticity plot. As shown in Fig. 5.10(a), an image of
azurite ore samples is produced using MWDH. The image of the particles clearly shows a
heterogeneous color signature since one part of the particle image is bluish, and another
part is greenish. The CA of such an image further verifies its heterogeneity in color. When
all pixels in the image are considered, the chromaticity diagram displays the distribution
of black points; see 5.10(a). Although it is clear from the image itself that the particle is
heterogeneous, plotting the entire image in CA shows that the distribution of points covers
a wide area. To identify the different contributions to this heterogeneity, different parts that
show variations of colors in the same image are plotted in CA. Figure 5.10(b) shows the
CA analysis of two different parts of the same particle image showing different chromaticity
signatures, which provides proof of color inclusions. These examples present the ability
to quantify the heterogeneous composition on a particle of such a micrometer-size level by

MWDH that a monochrome DH image cannot.
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In this study, a range of common minerals is taken into account and demonstrated the
ability of MWDH to produce color images that are sufficiently distinguished in CA. In fact,
without the ability to discriminate between distinct particles, CA would be of limited an-
alytical use; it should provide regions of the chromaticity diagram that represent definite
categories of minerals in our collection. Observing Figures 5.9 and 5.10, it is possible to dis-
tinguish different types of minerals based on their chromaticity signature along with various

shapes and sizes.
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Appendix A

Image Reconstruction Algorithm :

Mathematica

The holograms acquired from the color sensor are reconstructed using the Mathematica code
below. The hologram and reference image files are first loaded from the computer directory.
Then, after separating the RGB color images into red, green, and blue channels, they are
transformed into grayscale images. After that, the individual channels are cropped to make
them square in size. Finally, a contrast hologram is generated by subtracting the reference
from the hologram. Furthermore, the contrast hologram is reconstructed for each wavelength
using the Fresnel diffraction integral according to equation 2.35. Finally, a basic Speckle
Reduction technique (Gaussian filtering) is used on the three monochromatic images. We
now have three monochromes combined using the additive approach, with the monochromes

being red, green, and blue.
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(xSpecify the directory and import holograms:x)

ClearAll["Global‘x"]

SetDirectory[NotebookDirectory[]]

refDat = Image[Import["ref.bmp"]];

rawDat

Image[Import["raw.bmp”]];

(x Set global parametersx)

round = 0.001; (*pixel byte depth x)

pix = 3.45;
lamR
lamG

1lamB
kred

(xsensor pixel size in umx)

0.656; (* wavelength of the red laser in umx)
0.527; (* wavelength of the green laser in umx)
0.440; (* wavelength of the blue laser in umx)

(2x[pi])/lamR;

kgreen = (2x[pi])/lamG;
kblue = (2x[pi])/lamB;

fontSize =

imageSize =

fontColor =

18;

800;
Black;

fontFamily = "Arial";

rotateX[x_]
rotateY[y_]

abs[array_]

y

X

Abs[array];

(xImage Cropx)

crop[img_]

:= ImageCrop[img, {size, size}]

(* Condition Data x)

size = ImageDimensions[refDat][[2]];

halfSize =

Floor[size/2.0];

refList = ColorSeparate[refDat];

rawList = ColorSeparate[rawDat];

refRed = ImageDatal[crop[refList[[1]]1]1];

refGreen =

ImageData[crop[refList[[2]1]]];
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refBlue = ImageDatal[crop[refList[[3]1]1]];
rawRed = ImageData[crop[rawList[[1]1]]];
rawGreen = ImageData[crop[rawList[[2]1]1]1];

rawBlue = ImageData[crop[rawList[[3]1]]];

(* Contrast Holograms x)
conRed = (refRed — rawRed)/refRed;
conGreen = (refGreen — rawGreen)/refGreen;

conBlue = (refBlue — rawBlue)/refBlue;

(xFast Fresnel Transformx)

alpha = Ix\[Pi]*pix"2;

fresnel[z_, lamda_, hologram_] :=

Exp[2+\[Pie]*Ixz/1]/(Ix\1*z)*pix"2x

Take[

RotateRight|

InverseFourier|

Fourier[ArrayPad[hologram, halfSize], FourierParameters—>{1,1}]*Fourier[Outer]|
Times,Exp[alpha/(lamda*z)*(Range[1,2*xsize]-size)”"2],Exp[alpha/(lamda*z)x*(
Range[1,2*size]-size)”~2]],FourierParameters—>{1,1}],

FourierParameters—>{1,1}],

{size,size}],

{halfSize,halfSize+size—1},{halfSize,halfSize+size—1}]

(xSimple Speckle Reduction & White Balancex)
Eta_r = (dRed* 1r )/(sizexpix);

Eta_g = (dGreenx 1g )/(sizexpix);

Eta_b = (dBluex 1lb )/(sizexpix);

Zeta_r = 1r =«(dRed/(sizexpix))"2;

Zeta_g 19 x (dGreen/ (sizexpix))”"2;
Zeta_b = 1b =(dBlue/(sizexpix))”"2;
speckMultiplier = 0.75;

arrayRed = Abs[fresnel[dRed,lamR, conRed]];
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arrayGreen = Abs[fresnel[dGreen,lamG, conGreen]];

arrayBlue = Abs[fresnel[dBlue,lamB, conBlue]];

filteredArrayRed = GaussianFilter[arrayRed, speckMultiplierx Eta_r 1;
filteredArrayGreen = GaussianFilter[arrayGreen, speckMultiplierx Eta_g ];

filteredArrayBlue = GaussianFilter[arrayBlue, speckMultiplierx Eta_b ;

(xWhite Balance x*)
maxRedFilter = Max[filteredArrayRed];
maxGreenFilter = Max[filteredArrayGreen];
maxBlueFilter = Max[filteredArrayBluel;
WB ={ maxRedFilter, maxGreenFilter, maxBlueFilter}
layerRed = Image[ArrayPlot[filteredArrayRed/WB[[1]],
PlotRange —> plotRangeZoonm,
PlotRangePadding — 0,
ImageSize —> Medium,
Frame —> False,
FrameTicks — None,
ColorFunction —> ({Opacity[1], RGBColor[#, 0 , 0]} &),
DataReversed —> False,

ColorFunctionScaling —> False]];

plotRed = Image[ArrayPlot[filteredArrayRed/WB[[1]],
PlotRange —> plotRangeZoon,
PlotRangePadding > 0,
ImageSize —> Medium,
Frame — False,
FrameTicks —> None,
ColorFunction > ({Opacity[1], RGBColor[#, 0 , 0]} &),
DataReversed —> False,
ColorFunctionScaling —> False,
Epilog —> {White, Thickness[0.02], Line[{{70, 15}, {84.5, 15}}1}11;
layerGreen = Image[ArrayPlot[filteredArrayGreen/WB[[2]],
PlotRange —> plotRangeZoonm,
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PlotRangePadding > 0,
ImageSize —> Medium,
Frame — False,
FrameTicks —> None,
ColorFunction > ({Opacity[1], RGBColor[0, #, 0]} &),
DataReversed —> False,
ColorFunctionScaling —> False]l];
plotGreen = Image[ArrayPlot[filteredArrayGreen/WB[[2]],
PlotRange — plotRangeZoon,
PlotRangePadding — 0,
ImageSize —> Medium,
Frame — False,
FrameTicks — None,
ColorFunction —> ({Opacity[1], RGBColor[0, # , 0]} &),
DataReversed —> False,
ColorFunctionScaling —> False,
Epilog —> {White, Thickness[0.02], Line[{{70, 15}, {84.5, 15}}1}11];
layerBlue = Image[ArrayPlot[filteredArrayBlue/WB[[3]],
PlotRange —> plotRangeZoonm,
PlotRangePadding —> 0,
ImageSize —> Medium,
Frame —> False,
FrameTicks —> None,
ColorFunction —> ({Opacity[1l], RGBColor([0, 0, #]} &),
DataReversed —> False,
ColorFunctionScaling > False]l];
plotBlue = Image[ArrayPlot[filteredArrayBlue/WB[[3]],
PlotRange —> plotRangeZoonm,
PlotRangePadding —> 0,
ImageSize —> Medium,
Frame —> False,
FrameTicks —> None,

ColorFunction —> ({Opacity[1l], RGBColor([0, 0, #]} &),
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DataReversed —> False,

ColorFunctionScaling —> False,

Epilog —> {White, Thickness[0.02], Line[{{70, 15}, {84.5, 15}}1}11;
deSpeckleImage = ImageAdd[layerRed, layerGreen, layerBlue]
plotImage = ImageAdd[plotRed, plotGreen, plotBlue]
pl = RemoveAlphaChannel[deSpeckleImage];

trimmedImage = RemoveBackground[pl]

(* Chromaticity of the DH imagex)
(xFirst, look at the distribution of RGB values to determine where the noise
floor is. Estimate this from the peak of the grayscale distribution.x)
ImageHistogram[trimmedImage, PlotRange —> Automatic]
threshold = 0.25; (xlevel to define the noise floorx)
removeNoise[chanel_] := If[Norm[chanel] < threshold, Null, chanel]
deNoisedWBimageChanels =
Map[RGBColor,
DeleteCases|
Map[removeNoise, Flatten[ImageData[RemoveAlphaChannel[trimmedImage]], 11],
Null]];
chromePlot =
ChromaticityPlot[{deNoisedWBimageChanels, "RGB"},
PlotStyle —> {Black, PointSize[pointSize]},
MaxPlotPoints —>(*50000%)Infinity,
Frame —> {{True, False}, {True, False}},
BoundaryStyle —>
Directive[Dashing[{0.015, 0.015}], Thickness[frameThickness],
Darker[Gray], Opacity[0.5]1],
FrameLabel —> {"\!\(\*SubscriptBox[\(x\), \(c\)I\)",
"\!'\ (\*SubscriptBox[\(y\), \(c\)I\)"},
FrameStyle —>
Directive[Thickness[0.66xframeThickness], {Darker[Gray]}],
BaseStyle —>

Directive[Darker[Gray], FontFamily — "Arial",
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FontSize —> fontSize],

RotatelLabel —> False,

FrameTicks —> {{{{0, " "}, {0.2, "0.2"}, {0.4, "0.4"}, {0.6,
"0.6"}, {0.8, "0.8"}},

None}, {{{0, "0.0"}, {0.2, "0.2"}, {0.4, "0.4"}, {0.6,
"0.6"}, {0.8, "0.8"}}, None}},

PlotRangePadding —> 0,

ImageSize —> 700, Epilog —> {
{Inset[Threshold[ImageCrop[trimmedImage], 0.], {0.55, 0.75},

Automatic, 0.07]}}]

(*xExportx)

Export["trimmedImage.tif", trimmedImage, ImageSize —> 1500]
Export["plotImage.tif", plotImage, ImageSize —> 1500]
Export["“chroma.tif", chromePlot, ImageSize > 1500]

Export["whiteBalance.m", WB]
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