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ABSTRACT

This thesis describes the feasibility and capabilities of a Fluorescence Imaging
and Raman Probe (FIRP). This miniature instrument will combine reflected light and
fluorescence imaging and Raman spectroscopy for potential exobiology or terrestrial
environmental use. With the help of a penetrometer, the probe might be used to assess the
presence of life on Mars and gain an understanding of Martian soil. Furthermore, this
thesis will delineate how this penetrometer may be used to detect underground
constituents and pollutants present on our own planet.
The proposed FIRP will be incorporated into a penetrometer that will go several
meters below the surface seeking bio-signatures and information about soil composition.
Microscopic imaging with reflected light will provide morphological context,
fluorescence imaging can provide biomass detection, and Raman spectrometry can
provide chemical identification of imaged material. The fluorescence technique will
mainly depend on the performance of a non-cooled low-noise monochrome imaging
camera, optical filters, and high efficiency light emitting diodes in the UV and visible.
This miniature instrument will be connected by optical fiber to a surface platform that
will host the Raman spectrometer and Raman laser excitation source.
This thesis will show the experimental results of a bench-top proof of concept
system. Images and spectra were collected and analyzed. Important choices and
characteristics of the optical design are discussed relative to Raman and fluorescence
detection. Finally, the thesis will propose a prototype of a compact device that combines
both sensing methods and is compatible with a penetrometer platform.

1
CHAPTER ONE

INTRODUCTION

No single scientific method can reveal all the different chemical and physical
aspects of a structure as diverse and complex as soil. Soil has numerous characteristics:
its composition, fertility, density, and its moisture just to cite a few. Despite the
complexity of soil, the combination of Raman spectrometry and fluorescence imaging
can provide some relevant analytical information. Fluorescence imaging can locate
fluorescing elements and Raman spectrometry can tell us about their chemical make-up.
Additionally, real time imaging can provide us with sound ideas about soil morphology.
For our concern, we are interested in developing a sub-surface probe able to assess soil
composition and detect the presence of pollutants and bio-signatures. The fluorescence
imaging Raman penetrometer (FIRP) offers this opportunity.

Optical Probe for Martian Exploration

This work has been funded by the National Aeronautics and Space Administration
(NASA). It has the objective of better understanding the Martian soil and Martian
biology. So far, there is no confirmation that life exists or has ever existed on the surface
of Mars and the earlier missions failed to prove it [1] [2] [3]. But, there is emerging
evidence that the chemical and physical properties of early Earth and Mars were very
similar [4]. The Viking missions proved that most essential elements that compose
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biological matter are present on Mars. In fact, elements such as C, H, O, N, P, K, Mg, S
and Ca were detected through X-ray fluorescence [5]. In addition, recent studies of
Martian history suggest the presence of liquid water sometime during its past, and the
previous missions to Mars (Mariner 9, Viking 1 and 2 Pathfinder and Mars Global
surveyor) largely stressed that [1] [2] [3]. Like Earth, Mars has polar ice caps; the
southern cap is mostly dry ice of frozen carbon dioxide and the northern cap is mostly
composed of water ice. The rest of the planet is heavily cratered and shows traces of
violent volcanic activity - the largest in the solar system [6]. Even though liquid water
disappeared from the surface of Mars some 3.8 million years ago, it might exist deep
beneath the surface, which leads to the hypothesis that beneath the Martian surface there
may be life.
On Mars, carbon dioxide gas is the major constituent of the atmosphere; it is also
the major filter of UV radiation. However, UV radiation wavelengths above 200 nm
penetrate the atmosphere, which would make life on the surface of the red planet
practically impossible. In addition, the extremely cold and dry climate (between –123 oC
to 25 oC) would not allow the presence of liquid water [6]. Moreover, the presence of
strongly oxidizing agents on the Martian surface would make the formation of organic
compounds very improbable. The depth of the oxidized layer has been estimated to range
from 3 to 5 meters [7]. Therefore, the subsurface and the interior of rocks remain one of
the potential oases for microbial communities.
Since liquid water was once abundant on the surface of Mars, primitive Martian
life may have existed as well. Some other potential sites for exobiological activity are
paleolakes, pre-historical fluvial channels, and floodplains [8]. Therefore, understanding
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the history of water on Mars is very important in selecting appropriate landing sites for
conducting penetrometer tests. Indeed, landing sites should be carefully selected as some
areas might be more hospitable to life than others and may require less drilling depths.
It has been proven that Earth’s sub-surface microbial community density diminishes
with depth; however, the depth in which life is still present on our planet is still unknown.
There has been a continuous effort to develop various autonomous drilling
machines for the Martian exobiology research program. In 1975, the Viking Lander could
not go below 25 cm of depth [3]. Recently, the Beagle 2 from the European Space
Agency (ESA), was scheduled to land in Mars on 2004 [9]. Its rover was equipped with a
penetrometer, or mole that will search for life traces underneath rocks to a depth between
1 and 2 meters. Unfortunately, the Beagle 2 mission to Mars did not succeed. Another
European Lander, the Vanguard, is expected to follow with a deeper penetration
capability of 5 meters [11]. More ambitious projects suggest the subsurface penetration of
200 to 300 meters [12]. Hence, deep drilling remains the ultimate approach in detecting
life on Mars.
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Figure 1.1: The Vanguard rover with three ground penetrating moles (European
space agency ESA) after [11].
Different sensing methods were used in the previous Martian explorations. For
example, the Viking lander used an X-ray fluorescence spectrometer for the detection of
chemical elements, Mass spectrometer, and gas chromatograph; to detect elemental or
molecular composition [13]. Mass spectrometry specifically was employed for detecting
traces of water. Recently, the Beagle 2 was equipped with a Mossbauer and an X-ray
spectrometer to give sample information based on valence state and electron intensities
respectively [9][10]. All these techniques have advantages and drawbacks. Their success
depends on the targeted element or molecule. Plus, not all of these sensors can be used
with a penetrometer. The Raman spectrometry should not be taken as a substitute of all
these previously used techniques. However, Raman and fluorescence techniques, used
together, offer the possibility of detecting a multitude of organic and inorganic
substances, which makes them suitable for Martian exploration.

5
Bio-signatures

The Antarctic is home to various life forms in the most remote and hostile
environment on earth. One of these is Cyanobacteria, a photosynthetic microbe that can
resist the extremely cold Antarctic temperature and the UVB radiation (290-320 nm). The
cyanobacteria use various pigments to protect themselves from the high UVB influx [14].
These pigments proved to be recognizable with their unique Raman spectra [15]. Other
oases of life were even found in places where there was almost no trace of liquid water
(Victoria Valley) [16]. Iceland hot springs is another example, where thermophilic
organisms anaerobically respire using nitrate [17]. These types of microorganisms would
be the most relevant for understanding the Martian ecosystem. Hence, there are several
microbiological processes naturally occurring on earth that have no requirement for the
presence of liquid water, and occurring under very hostile environments. These living
microorganisms may have analogues on the subsurface of Mars.
The cell has many constituents that can be detected by fluorescence or by Raman
spectroscopy. All microorganisms use a similar genetic code stored in the DNA and
translated into the RNA and into proteins. Some cells take energy from solar radiation
with the help of photosynthetic pigments such as chlorophyll. DNA, amino-acids,
enzymes, and photosynthetic pigments can be detected through their auto-fluorescence.
Tippkotter studied the primary fluorescence of soil organic matter,
microorganisms, minerals, and cellular constituents and found that many of those have a
strong to moderate primary fluorescence [18]. Hence, fluorescence could be valuable tool
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for detecting life in Mars; Raman spectrometry coupled with primary fluorescence
imaging can help us locate and subsequently identify bio-matter.

Optical Probe for Environmental Purposes

While it can be used to explore the Martian subsurface, a soil penetrometer also
can be employed on earth with the objective of better understanding our soil composition
and detecting various pollutants. The problem of hazardous waste generation, storage,
and recycling has become a major concern. The movement of chemicals into the soil
depends on the chemical properties of the waste and on the physical properties of the soil.
Also, the properties of the soil play an important role in the absorption and the
degradation of waste.
On our planet, wide ranges of pollutants reach the underground and affect its
natural ecosystem. These can be pesticides, inorganic fertilizers, heavy metals, acids,
fuels and other harmful solvents. The most widespread industrial chemical components
regarded as pollutants are the heavy metals (Cd, Pb, Hg), nitrous oxides (NO2), sulfuric
compounds (SO2) and polycyclic hydrocarbons [19]. Soil ecosystems are complex and
not fully understood, and the impact of the pollutants may be extremely strong.
Therefore, there is an urgent need for a sub-terrestrial instrument that will assess
the impact of pollutants on the biodiversity and stability of the soil inhabiting
microorganisms. These toxic materials are also very dangerous for the underground water
resources. Understanding the movement of those toxic elements is also very important in
understanding the hazards they pose. In our case, we are particularly interested in the
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detection of poly-aromatic hydrocarbons. Their fluorescence proved to be highly
sensitive to ultraviolet light. Again, the combination of reflected light imaging, Raman
spectrometry, and fluorescence imaging can help us detect many of the toxic materials.

Fluorescence

Fluorescence and Raman scattering are two separate physical phenomena.
Fluorescence happens when an element absorbs light and emits light of different
wavelengths. Such elements are called fluorophores or fluochromes. Atoms or molecules
have many electronic states in addition to the one of lowest energy that we call the
ground state. When the atom or molecule is exposed to electromagnetic radiation, the
absorbed photonic energy moves it from the ground state to the excited electronic state.
The excited state is also referred as the unstable state. Once excited, the element can reemit photons of different frequencies. The emitted wavelengths will depend on the
various transition states. When electrons cascades through these intermediate electronic
states the atom emits photons of lower frequencies corresponding to the energy difference
of the excited state and the intermediate electronic states. The process can also be nonradiative and energy can be lost and dissipated as heat. The excitation-emission process
can be extremely fast- in the order of nanoseconds [20].
The difference between the excitation wavelength and the emission wavelength
is known as the Stoke’s shift after the British scientist who first discovered this
phenomenon.
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Figure 1.2: Typical excitation and emission spectra of a fluorophore after [20].
Many theories have been developed to understand why an element fluoresces in a
particular wavelength, and a broad documentation is available for the excitation and
emission spectra of biological and chemical elements. It has been proven that
environmental factors have a big influence on the peak excitation and emission
wavelengths of the fluorescent material. The fluorescence signal often shows sensitivity
to the nature of the solvent, pH of the solution, temperature, pressure, and excitation light
intensity, just to cite a few. For example, organic compounds fluoresce more intensely at
low temperatures [21]. As illustrated in figure 1.2, the absorption-emission spectral
diagram of a fluorescing element may overlap.
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The following illustration shows the apparatus of a typical fluorescence microscope.

Figure 1.3: Basic apparatus of a fluorescence microscope.
Separating the excitation and emission wavelengths is very important. This is
typically done by a proper selection of filters to block or pass specific wavelengths.
Basically, there are three categories of filters used in a fluorescence microscope:
excitation filter, emission filter and a 45o angled dichroic mirror. The essential task of the
fluorescence microscope is to permit excitation light to irradiate the specimen and then to
collect and filter the much weaker emitted fluorescent light.
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Proper selection of filters is the key to a successful fluorescence probe. The
properties of the excitation filter will depend on the illumination source. Similarly, the
emission filter or barrier filter will absorb the excitation wavelengths and permit only
fluorescence light to reach the detector. Dichroic mirrors are special filters designed to
efficiently reflect excitation wavelengths and pass emission wavelengths.
Fluorescence and reflected light imaging will give us important information that
will help us recognize an entity by its morphology and its fluorescence. In addition to
that, Raman spectroscopy will further confirm the presence of a bio-signature or a toxic
element by probing chemical identification in the cases where a Raman spectrum may be
obtained.
Raman Spectroscopy

The principle of Raman spectroscopy relies on a particular scattering principle
discovered by the Indian physicist, C. V. Raman, in 1928 [22]. Raman spectroscopy is
based on the scattering of monochromatic laser radiation due to its interaction with the
molecular vibrations and rotations, also refereed to as inelastic scattering of photons by
molecules.
In Raman spectroscopy, the incident light loses energy to the molecule vibrations.
Frequencies from the vibrations and rotations of molecules will give us information about
the molecular bonding. The energy of the scattered wavelengths is less than the energy of
the incident light. The frequency difference corresponds to the various vibrations and
rotations of the target molecule. These frequencies can be larger and smaller than the
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excitation light frequency. Higher frequency signals are known as anti-stokes whereas
low frequency signals are referred to as stokes. Anti-stokes emission is obtained when
the target molecules are already in an excited state. Stokes scattering is much more
common than anti-Stokes scattering because, at common temperatures, a molecule is
most likely to be in its ground vibrational state. Typically, only Stokes Raman scattering
is used in spectroscopy. A Raman spectrum is a plot of the intensity of Raman scattered
radiation as a function of the frequency difference from the incident radiation frequency
in wavenumbers (cm-1). This difference is called the Raman shift. Although the Raman
shift is independent of the frequency of the incident radiation, the Raman emission signal
is inversely proportional to the excitation wavelength. The Raman spectrum will give a
unique fingerprint of each specimen.
Long excitation laser wavelengths may be used to decrease the effect of
fluorescence, as most samples exhibit a native fluorescence at short wavelengths that
obscures the Raman signal [23].

Figure 1.4: Illustration of Raman spectroscopy principle.
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The intensities of the scattered radiation are measured by the spectrometer. To eliminate
the much stronger Rayleigh scattering, notch filters are typically used. In the
spectrometer, a grating can be used to disperse the scattered photons according to their
wavelengths.
Optoelectronic devices have progressed dramatically in the past decade as a
consequence of major achievements in solid-state technology. As a result, efficient diode
lasers are now available from the visible to the infrared and have been demonstrated to
work properly with Raman instruments. Moreover, CCD arrays became much more
sensitive. Currently, Raman spectroscopy is employed successfully to solve complex
analytical problems such as determining chemical structures of inorganic and organic
materials. In addition, the remote sensing of contaminants, gases, vapors, aerosols,
liquids and solids was also made possible [24]. Due to the successive improvements in
optoelectronics and solid state physics, Raman spectrometers have become much smaller,
practical and convenient for Martian explorations [25].

Thesis Organization

This thesis explains the development of a Raman and Fluorescence probe for
underground exploration. First the fluorescence experimental setup will be introduced,
followed by a discussion of the optical criteria important for fluorescence imaging and
Raman sampling. For imaging, we will consider a suitable sensor, evaluate aspects of
noise, and assess the need for cooling.
In each chapter we will talk about the important results, the technical trade-offs of
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our apparatus and assess the performance of our optical design. Later we will show our
results, with illustrations of fluorescence imaging and Raman spectra. After
demonstrating all aspects of our design on a large scale, a miniature probe will be
proposed. Finally, suggestions will be made for future development of the probe.
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CHAPTER TWO

PENETROMETERS AND SENSING TECHNIQUES

Underground explorations represent many challenges, such as detecting, locating,
and identifying elements in an inhospitable environment. To achieve this, there is a need
for a real-time controllable sub-surface instrument. As we discussed before, looking for
Martian bio-signatures would require robust and powerful infiltrating machines. These
machines are also needed for monitoring industrial wastes such as fuels, petroleum oils,
and solvents which can cause a serious threat to underground waters and ecosystems on
earth. Deep infiltration below the surface is a direct and efficient method of sub-terrestrial
soil characterization. This method can result in very convincing and relevant information
about the soil composition. This chapter will talk about penetrometers and state of the art
optical sensing techniques for soil characterization and, finally, propose a multifunctional
optical probe that is penetrometer compatible.

Penetrometers

Cone penetrometers have been used for more than a decade, and their
effectiveness has been widely proven. Their use was first concentrated in the fields of
construction and agriculture and lately for sub-terrestrial explorations and environmental
applications. Today a variety of penetrometers are available. These penetrometers come
in different sizes and can host a variety of sensors depending on the application. These
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penetrometers can be pushed more than 60 meters below the surface [1], with constant
speeds in homogeneous soils. The distinction between these penetrometers lies in how
the force is applied to them. The penetration can be achieved by electric motor drilling,
by hydraulic pressure, or by mechanical hammering [1]. These types of penetrometers do
not rely on constant velocities, and their depth increments will depend on the applied
energy and the soil hardness. The weight and size of the probe and the cone angle will
further influence its velocity. Rocks and other high density elements present serious
obstacles to penetrometers, often impeding their performance.

Figure 2.1: Example penetrometer from Broke Ocean Technology, Limited after [2].
Recent advances in sensor technologies have expanded the utilization of cone
penetrometers. With the growing human interest in exploration of under-ground
resources, the call for more comprehensive and advanced probes increased. Commercial
penetrometers can gather important information about soil, such as its humidity, density,
salinity, and seismic properties. For example, modern penetrometers are equipped with
tracking devices that help to localize the position of the instrument.
Penetrometers with electrical and electromagnetic sensors are used to measure the
soil’s electrical conductivity. Also, information about soil moisture can also be gathered
by evaluating the change in dielectric constant (capacitance) or magnetic permeability
(inductance) affected by the composition of tested soil.
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Other penetrometers assess the hardness of the soil by measuring the force deployed by
mechanical tools. The soil compaction is also measured by pneumatic sensors by
assessing their ability to inject air into the soil.
Some penetrometers determine the soil composition, and its moisture, by measuring the
time of travel of magnetic or acoustic waves [3]. Electrochemical sensors, such as ionselective membranes, are also used by penetrometers. These membranes produce a
voltage output in response to the interaction with selected ions (H+, K+, NO3−, Na+,
etc.) [4]. Although these sensors have been extensively used in various geotechnical
applications, their precision and accuracy depends strongly on their calibration.

Optical Sensing Methods

Various optical sensors can be used for underground explorations; however, some of
these are not penetrometer compatible. Shocks coming from the hammering, pressure,
and vibrations can pose serious problems to some sensors.
Numerous sensors are being tested for the detection of metals, radioactivity,
explosives, and specific pollutants [5] [6] [7] [8] [9] [10] [11]. Many fluorescence-based
sensors have been tested with penetrometers. UV-induced fluorescence spectroscopy was
tested to detect the presence of petroleum hydrocarbons with the help of cone
penetrometers [5] [6]. Most of these probes relied on one or many excitation wavelengths
from a laser source and its harmonics or from mercury lamps with a grating. The chosen
excitation wavelengths depended on the targeted elements.
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Fluorescence life time is another effective sensing method. This technique
induces fluorescence and measures the time spent between the excitation state and the
ground state which is specific for each fluorescing molecular compound. The decay time
is on the order of pico to nanoseconds and the measurements can be done either in the
time or frequency domain [7]. The advantage of this method is that the fluorescence life
time is independent of the specimen concentration, the photo-bleaching and the excitation
light intensity [7].
Many other electromagnetic sources were used for underground explorations. Xray fluorescence (XRF) penetrometers have been developed for the analysis of subsurface
heavy metal contamination [8]. This methodology has proved to be effective in detecting
elements higher than atomic number 20, including radioactive elements.

Figure 2.2: Schematic of the XRF penetrometer sensor after [9].

The detection of radioactive waste with gamma rays was also applied to penetrometers
[9].
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Laser breakdown spectroscopy is another sensing method that has been used with
penetrometers. This method relies on a high irradiance infrared laser (above GW/cm2) to
generate a spark on a finite spot [10]. The resulting wavelengths present in the spark
serve to delineate the heavy metals in soil. Furthermore, infrared based sensors were also
used to trace hydrocarbon contaminants in water and soils based on their absorbance.
A Raman penetrometer probe has also been designed and tested by the U.S.
Department of Energy [11] as a way of detecting subsurface toxic materials.

Figure 2.3: Published design illustrations of the Raman probe by the U.S. Department of
Energy after [11].
The above drawings roughly illustrate their Raman Probe design; explicit details
are not known at this time. Their design has been specifically used and tested in waste
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storage tanks. With an excitation wavelength of 785nm, their design has proved to be
successful especially for detecting nitrates and other dense non aqueous phase liquids
(DNAPL).
In addition, Raman spectroscopy has been previously tested in our lab as a
suitable means of detecting bio-signatures and some toxic elements [12]. A miniature
Raman probe was built and tested under the supervision of Dr. D. Dickensheets. The
probe has proved its capability for detecting organic matter and soil contaminants present
on the surface. This thesis is a continuation of that previous work. The proposed design
will modify this Raman sensor by adding imaging features to the probe and making it
compatible with a penetrometer. These extra sensing techniques will increase the probe
capabilities and result in better detection limits.

Multi-functional Probe

This thesis proposes a multifunctional probe that combines real-time and
fluorescence imaging with Raman spectroscopy. The principal objective of this probe is
to detect contaminants and bio-signatures in the subsurface environment.
Raman and fluorescence techniques have proven their effectiveness; however, not a
single method can be used for discriminating between elements. Soil contains a multitude
of fluorescing elements. For each element, there exists an optimal excitation wavelength
that will give a maximum fluorescence signal. The fluorescence intensity can also tell us
about the nature of the element and its concentration.
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For example, heavy aromatic hydrocarbons fluoresce when excited with near UV
light, while light aromatic hydrocarbons need far UV light to fluoresce. Meanwhile,
aliphatic hydrocarbons have little fluorescence. However, their fluorescence properties
change when mixed with solvents. Therefore, fluorescence methods cannot prove the
presence of a specific hydrocarbon. Furthermore, fluorescence emission wavelengths can
be affected by numerous environmental factors or by interaction with other materials or
solutions. Hence, to be able to confirm the presence of an element more detection
methods are needed. As discussed before, Raman sensing is a very powerful detection
tool that gives a unique finger print for each element, helping to identify it, and making
up for the inadequacies of fluorescence imaging.
In addition to the benefits of Raman and fluorescence sensing, we can further
improve our knowledge of the specimen by adding reflected light imaging feature to the
probe. Reflected light imaging will add many capabilities to the probe. Namely, it will
help us distinguish the physical properties and the size distribution of elements in the
picture and also assist us in observing their morphology. In situ imaging will give
information about the soil texture, the soil type, and the grain size. This method will be
extremely important to observe fossilized organic materials on the Martian subsurface.
The probe that we are proposing will be divided into three parts. The first section
will house the LED circuitry. The electronics will sequentially activate and regulate the
timing between various LEDs to switch between fluorescence and reflected light
imaging. Another section will be reserved for the imaging electronics. Finally, a section
of the probe will house all the optical elements for the Raman, fluorescence, and in-situ
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imaging. The Raman signal will be excited by a laser located on a host platform. Optical
fibers will route the excitation light to the probe and direct the Raman signal back to the
spectrometer.

Spectrometer
Video
Signal

LASER

Emission

Excitation

CCD
LED
Electronics Electronics
Raman Optics
CCD
Sensor
Fluorescence
Optics
Probe
Figure 2.4: General scheme of the proposed probe.
Similarly, a video cable will be attached to the imaging electronics on the probe. It will
transmit the fluorescence and color images to a computer through a frame grabber.
The optical elements in the probe will deliver LED light to the sample and focus
the Raman excitation laser beam. The scattered visible light will be routed to the imaging
sensor while the infrared Raman signal will be directed to the spectrometer. Color and
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fluorescence images will give us optical information of all the elements in the field of
view of the camera; while, Raman sampling will give a point measurement of a few
microns.
Because of the stress and vibrations applied to the penetrometer, a fixed objective lens
will be most suitable. Even with a fixed-focus objective lens, images could be obtained
with a good depth of focus near a transmission window in the probe.
Penetrometry is a well established technique for the characterization of the
subsurface environment. The combination of Raman, fluorescence sensing and real-time
imaging will make the penetrometer an even greater and more capable tool for subsurface
detection. The next chapter will talk about the optical requirements of our probe to
achieve Raman detection, fluorescence, and color imaging.
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CHAPTER THREE

TABLETOP EXPERIMENTAL SETUP

Before designing the probe, tests were conducted in the lab using a large-scale
version of the instrument. These experiments were done to simulate the conditions for the
miniature probe, which will be introduced later. In this chapter, we will talk about the
experimental apparatus and the optical design for fluorescence experiments. The
discussion will address all the important optical criteria that are essential for the success
of Raman detection, fluorescence, and color imaging.
Our research has the following objectives: to generate high-quality real-time
images, to ensure efficient light collection for the Raman and fluorescence signal, and to
combine the design in a small and efficient probe. As we discussed before, the Raman
laser and the spectrometer will be remote from the probe. The probe will be composed of
filters to separate Raman and fluorescence signals and an imaging sensor will be used
within the probe for fluorescence and real-time imaging. Finally, LEDs will be
incorporated in the probe to induce fluorescence and generate illumination for color
imaging. Only the optical characteristics will be discussed in this chapter, while the next
chapter will assess the requirements of the imaging sensor.
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Fluorescence and Color Imaging with LEDs
What distinguishes our design is the use of LEDs for inducing fluorescence.
Typically, fluorescence excitation is achieved with intense light sources such as lasers,
laser diodes, and Mercury or Xenon lamps. These light sources have a very broad
coverage of visible and invisible light, which can excite numerous fluorescing specimens.
These powerful light sources have the advantage of producing a high flux of photons,
which is of great use especially when the fluorophore has low quantum efficiency. For
imaging, the use of incoherent light such as Xenon or Mercury lamps or LEDs has the
advantage of eliminating speckles and can results in modestly higher spatial resolution.
The emission spectrum of Mercury or Xenon lamps is unevenly spread between
the UV and the Infrared. Mercury and Xenon lamps are ideal for lab experiments;
however, they present some disadvantages for remote applications. In fact, these
expensive lamps are quite big, hot, and energy consumptive (50 to 150 Watts). Moreover,
the lifetime of Mercury and Xenon lamps is only around 200 hours. These lamps cannot
be turned on and off for short periods of time, which is inconvenient for fast switching
between fluorescence and real time imaging of soil. Due to reasons of portability and
power consumption, ultra-bright light emitting diodes will be more adequate for our
needs.
The LED choice became possible because of the advances in research in
semiconductor materials in the past few years. Currently, ultra-bright LEDs with
thousands of millicandelas became available at a very low price. These LEDs are robust,
bright (optical power of 30mW), have a lifetime of more than 100,000 hours, and are
very easy to replace. LEDs are the most energy efficient means for producing narrow-
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band light. Currently, LEDs generate enough light to excite fluorescence. LEDs’ external
quantum efficiency has attained high performances such as 60 to 70 % for the visible and
32 % for the UV LEDs [1]. Today, LED wavelengths cover all the visible spectrum and
parts of the ultraviolet and infrared. Research is being conducted to get more peak
wavelengths in the far UV, which will make the LED a more powerful excitation source
for detecting fluorescing elements. Because LEDs have a narrow spectrum compared to
Xenon and Mercury lamps, the use of a band pass filter is sometimes unnecessary. LEDbased microscopes have been increasingly present in the past years. LED induced
fluorescence has been used in the medical field for capillary and skin examinations, for
the diagnosis of tumors and for the detection of proteins and enzymes [2][3][4][5]. The
introduction of LEDs has made the conception of low volume and portable fluorescence
sensors possible. These factors make the LED a viable tool for future Martian
explorations.
Illumination for In-Situ Imaging

Figure 3.1 illustrates the conditions in which the fluorescence and reflected light imaging
was done. As illustrated the figure, the reflected light illumination may be provided as
either brightfield or darkfield illumination. These two illumination approaches are quite
different and the use of both will reveal more details of the specimen.
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Figure 3.1: Experimental apparatus used for fluorescence and reflected light imaging.

Darkfield illumination, also known as oblique illumination, produces more
contrast which provides better details of the object, making shapes easier to distinguish.
This type of illumination is very advantageous for imaging rough surfaces such as soil.
In brightfield (epi-illumination), the excitation light is parallel to the optical axis. This
way the objective lens will collect direct reflections from the sample, which will make
brighter images. In Epi-illumination, the collection of Rayleigh scattering is more
efficient. Also, the fluorescence imaging will be done with epi-illumination, as it proves
to be the most effective for detecting fluorescence. Since fluorescence emission is omnidirectional, epi-illumination remains the best only if it delivers more excitation light to
the sample. This will depend on the efficiency of the dichroic and other optical elements,
but epi-illumination is generally best because the objective lens provides a concentration
of the illumination at the sample.
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The next illustrations (figure 3.2 and 3.3) give a visual comparison between the
two types of illumination for reflected light imaging. These pictures were taken with the
same diode current, and without changing the depth of focus.

Figure 3.2: Darkfield image of soil with a field of view of 4.85 mm by 3.23 mm.
Figure 3.2 gives an example of darkfield soil imaging. As seen, darkfield images allow
more contrast and give a three dimensional view of the sample. Figure 3.3 shows the epiillumination image of the same spot. As we can see, epi-illumination demonstrates higher
brightness, even illumination of the sample, but lower contrast.
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Figure 3.3: Brightfield image of soil with a field of view of 4.85 mm by 3.23 mm.
The epi-illumination gives a more planar view and an even illumination of the sample;
however, the shape of the rocks is less perceptible. Employing both illumination
schemes will give us a better visual description and understanding of the underground
environment.
Optical Criteria

Soil presents many differences in structure, color, and texture. Numerous optical
factors should be considered to gather all these important details. In the following
paragraphs, we will discuss the important elements along the optical path and discuss
their specifics. For reflected light and fluorescence microscopy, the optical system should
image the sample onto the CCD detector. Two achromatic lenses were used for
fluorescence imaging. Achromats were used because they offer better focusing
capabilities for a good portion of the visible wavelengths. Because the refractive index of
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the lens differs with the incident wavelength, single lens elements suffer from chromatic
aberration. In fluorescence, the stoke’s shift can be as high as 200 nm. Hence, without
achromats short wavelengths will have a shorter focal length than long wavelengths.
Moreover, achromats give a better monochromatic performance. Their use results in a
tighter focus and creates a high fidelity image.

Figure 3.4: Image and object conjugates for the imaging optics.

Our optical system had a magnification M as described by the following equation,
where H2 and H1 represent the image and object size respectively.
M =

− Z 2 − F2 H 2
.
=
=
Z1
F1
H1

(3.1)

The objective lens used in the table-top experiment had a focal length of 30 mm, while
the image lens had a focal length of 50mm. For the same set of lenses and the same
magnification M, the ratio of the sensor size (H2 x L2) to the field of view (H1 x L1) was
equal to the magnification squared. Different image sensors, with different dimensions,
were tested with this setup. A smaller imaging sensor will be proposed for the miniature
probe, and the choice of lenses will depend on the size of the image sensor.
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Magnification is needed for a better analysis of soil particles, however too much
magnification reduces the effective field of view. For our setup a magnification of 1.67
was chosen, which was adequate for imaging our samples. In general, the desired
magnification will depend on the size of the sample and, on the nature of the target. A
high magnification is needed for observing specimens with small fluorescing particles
such as individual bacteria, while a low magnification is preferred to image full grains of
soil and sample a larger area.
The choice of lenses is very important for the success of the fluorescence
imaging. Lenses are characterized by the numerical aperture (NA), which depends on the
focal length f and, the diameter D of the lens as follows:

⎡
⎛ 1 ⎞⎤
⎟⎟⎥ (3.2)
NA = sin ⎢arctan⎜⎜
⎝ 2 f /# ⎠⎦
⎣

f /# =

f
(3.3)
D

The numerical aperture characterizes the ability of a lens to gather light. Therefore, the
bigger is the aperture and the larger is the amount of light that can be captured. Since
fluorescence light is usually very weak, maximizing the NA is in our advantage. For our
optical system we used an NA of 0.38 for the objective lens.
The f-number of a lens determines three important factors: the depth of field, the
brightness of the image and the resolution of the lens. Having a high NA is sometimes
inconvenient because it can result in high brightness of the image, which can cause pixel
saturation. Saturated pixel charge can overflow to the adjacent pixels and cause
blooming. This problem is more specific to the charged coupled device (CCD), and is
resolved by adjusting the LED light intensity.
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To get good images of soil we need to bring various elements of the picture into
focus by increasing the depth of field. The depth of focus determines a distance range in
which all details will appear with a good resolution and with minimal blur. As described
by the following equation, diffraction and the geometric defocus are the factors that
dictate the limit for the depth of field [6],
D=

λn
NA

2

+

n
p (3.4)
M NA

, where n is the index of refraction and p the pixel size.
The depth of field D is inversely proportional to the NA of the objective lens; and,
sensors with large pixel area result in higher depth of field at the expense of lateral
resolution. To have direct control of the depth of focus, we have decided to place an iris
in the light trajectory. The iris will dictate the size of the numerical aperture of the
objective lens, and will therefore control the depth of focus of the image. Hence, an
objective with a high NA will collect more light but will provide a smaller depth of focus.
For the final design, this iris needs to be automatic and fully opened for fluorescence
imaging and reduced for reflected light imaging to improve depth of focus.
One other important factor that depends on the NA is the diffraction limited
resolution R. A small resolution will let us distinguish between very small elements in the
picture.
R≈

λ
2.NA

(3.5)

The diffraction limited resolution does not depend on the magnification. If the
geometric projection of the sensor pixels on the sample are larger than R, then the
resolution will be determined by

p
. Because these tradeoffs are crucial to the success of
M
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the application, the objective NA must be chosen carefully. Even with a moderate
objective NA of 0.38, the resulting images gave good imaging performance. The iris
placed at a distance of 5 cm behind the objective lens, helped changing the effective NA
of our system. This gave us the opportunity to experiment with the limits and assess the
importance of the numerical aperture. Consequently, for the final design we will be
aiming for an objective NA higher than 0.5.

Fluorescence
Reflected
light

Diffractive
Geometric
Resolution
Resolution
at 600 nm

Iris
diameter

Effective
NA

Magnification

12 mm

0.58

1.67

7 µm

0.5 µm

2mm

0.12

1.67

7 µm

2.5 µm

Depth of
field at
600 nm

47 µm
765
µm

Table 3.1: Optical values used in our system with a CCD pixel of 11.8x13.6 µm for
fluorescence and reflected light imaging.
Fluorescence Optical Filters

As discussed in the introduction, the primary fluorescence of many organic and
biological materials can be excited with blue-green light; whereas, the primary
fluorescence of the aromatic molecules can be excited with near UV light. Based on this,
we selected UV and bluish green LEDs, with their corresponding longpass filters. In
fluorescence detection, the choice of filters is critical for suppressing all the undesired
wavelengths. The success of the probe will depend on the proper choice of LEDs, and on
the filters’ performance. The optical characteristics of the filters were chosen based on
the LED spectra. The longpass filter has to ensure an absolute blocking of the excitation
light and transmit only the fluorescence light with minimal attenuation.
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Figure 3.5: Longpass filter for green/blue fluorescence excitation with the approximate
LED spectrum. (LED#1052 from B.G. Micro, Filter #E570lpv2 Chroma Technologies,
Inc).

Figure 3.6: Longpass filter for the UV fluorescence excitation with the approximate
spectrum of the LED. (LED#BP200CUV750-250 from LEDTRONICS, Filter #
E570lpv2 Chroma Technologies, Inc.).
In addition to the LEDs and filters, fluorescing and non-fluorescing beads were
purchased. These beads will allow us to test the efficiency of the filters. The excitation
and emission wavelengths of the fluorescing beads were selected to match the LED and
filter spectra. The testing procedure and the imaging results with these beads will be
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presented in chapter five. Our filters were also tested with our camera setup, on the
optical spectrum analyzer and on the microscope. Unexpectedly, when illuminated with
bluish-green LED light, the Rayleigh scattering from non-fluorescing beads was
discernible through the long-pass filter. Hence, we decided to measure the LED spectra
with an optical spectrum analyzer. Surprisingly, the spectral width of the LED was found
to be larger than we thought, causing an overlap with the spectrum of the long-pass filter.
Unfortunately, the sensing range of our optical spectrum analyzer did not cover the UV
wavelengths. Therefore, only the manufacturer’s spectrum of the UV LED is presented.

Figure 3.7: Spectral width of the green and red LED. The scale of the right spectrum is 10
nm per division while the left one is 12 nm per division.
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Figure 3.8: Spectral width of the UV LED from the manufacturer data sheet
(BP200CUV750-250 from LEDTRONICS).

The optical spectrum of the LED stretched for more than 60 nm causing an
overlap with the long pass filter. Hence, band pass filters where needed to suppress any
overlap and make sure that no excitation light goes through the longpass filter.
Figure 3.9 shows the spectra of band-pass filters that were also purchased from
Chroma technologies Inc. They were chosen to have a maximum transmission for the
peak wavelength of our bright LEDs.

Figure 3.9: Bandpass filter D370/20 from Chroma Technologies, Inc. used for the UV
LED centered at 370 nm with 20 nm of FWHM.
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Figure 3.10: Bandpass filter E500/20 from Chroma Technologies, Inc. used for the bluish
green LED centered at 500 nm with 20 nm FWHM.

We were not quite satisfied with the filter transmission, especially the UV bandpass that
could only transmit 40% of the LED light. Still, this filter has proved its capability and
good performance. However, for better LED power utilization, a filter with lower
reflection should be incorporated into the final probe. In conclusion, the fluorescing and
non-fluorescing beads and the optical spectrum analyzer confirmed the proper working of
our filters.

Light Emitting Diodes

Our LEDs were chosen based on their color, their spectral width, their angular
distribution, and their luminous intensity. LEDs exist under two main configurations: the
surface emitting LED and the edge emitting LED. Surface emitting diodes have a large
emitting area with almost Lambertian radiation and have higher output power than edge
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emitting LEDs. The radiation pattern of the LED depends on the epoxy lens shape that
covers it. LEDs with parabolic or hemispherical shaped epoxy lenses have a narrow
angular spread; whereas, planar epoxy lens have a larger one. For our experiments our
LEDs were driven with a moderate current well below the saturation region. In this
region, LEDs did exhibit a linear relationship between the optical output and the forward
current.
We measured optical power using an optical power meter (OPM, Newport 1830C) with 6mm detecting aperture placed in contact with the LED. The results are presented
in figures 3.11, 3.12 and 3.13.

Figure 3.11: Output optical power versus forward current for the bluish-green LED.
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Figure 3.12: Output optical power versus forward current for the red LED.

Figure 3.13: Output optical power versus forward current for the UV LED.

Because our LEDs had narrow emission angles, most of their radiation was collected by
the OPM. The viewing angle is defined as the full angle at which brightness is half of the
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central peak. In our case, the viewing angle of the LED was chosen between 10 and 15
degrees; which was needed to maximize the irradiance on our samples.
The wall plug efficiency was about 16% for the red LED, 12 % for the bluish
green LED and 10% for the UV LED. LEDs with higher quantum efficiency are available
on the market, but our LEDs were capable enough to induce fluorescence and provided
sufficient light flux. The fluorescence signal is be proportional to the LED irradiance. In
chapter five, the fluorescence yield will be estimated for various fluorescing samples
based on the imaging sensor sensitivity. From these results, we will choose a fixed
forward current to run each LED.
For 10 mW of LED light, the light budget estimation of our fluorescence optical
system will be 3.8x106 x η photon per pixel per second for the bluish-green excitation
and 3.2x106 x η photon per pixel per second for the UV excitation. This estimation
comprises the transmission efficiency of our filters and lenses. These numbers will
further be attenuated by the fluorescence efficiency η of the targeted sample.

%
Transmission

UV
Longpass
85% at
450 nm

UV
Bandpass
40% at
370 nm

Bluish- green
Longpass
93% at 600
nm

Bluish-green
Bandpass
76% at 500
nm

Lenses
≈(96%)8

Table 3.2: Transmission values of some elements in the optical path.

Furthermore, LEDs did show some temperature dependency that affected their
peak wavelength and their internal quantum efficiency. These variations will be explored
later.
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The performance of our system can also be enhanced by improving the spot size
illumination. The illuminated spot in the sample should be big enough to cover all the
field of view imaged by the sensor. For better reflected light images and complete
fluorescence detection, the illumination of our target should be uniform on all the
elements in the picture. The next chapters will show the results of our optimized design
and demonstrate these concepts in greater detail.

The Raman Spectrometry Optical Design

Although both sensing techniques will share the same objective lens, the optical
requirements for the fluorescence imaging are quite different from the Raman optics. For
the Raman sensing, we want to obtain an image of the sample that shows the laser spot.
This way the user will find the targeted Raman sample region in the image.
In the field, the Raman signal will be generated by a laser on a host platform. The
laser beam will be carried by an optical fiber to the miniature probe. The excitation beam
will pick up some Raman scatter within the fiber, which will interfere with the Raman
signal of the sample. To suppress that light, a bandpass filter will be used to clean up the
Raman excitation signal.
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Figure 3.14: Raman detection apparatus.

The numerical aperture of the collimating lens will be chosen to match the
numerical aperture of the excitation fiber. In the scheme shown in figure 3.14 a planoconvex lens is used for collimating the incoming laser beam. A quarter pitch gradedindex or GRIN lens can be used instead to replace that lens.
Because the intensity of the Raman signal is inversely proportional to the fourth
power of the excitation wavelength, it is more advantageous to use shorter excitation
wavelengths. However, excitation wavelengths in the UV or visible can also induce the
primary fluorescence of the specimen. The fluorescence signal is many orders of
magnitude higher than the Raman signal, and can easily overwhelm it. For Raman
spectroscopy, the fluorescence signal can be avoided by using longer-wavelengths in the
near-infrared. Based on that, a near infra-red laser light would be the most appropriate to
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excite Raman signal. Signal attenuations will be negligible for moderate depth
measurements, especially if fiber bending is avoided.
The Raman spot will be visible if the chosen excitation wavelength is
within the sensitive region of the imaging sensor. We will use a near infrared excitation
wavelength of 1064 nm or below satisfying this requirement of silicon sensors. The use
of achromats to reduce the chromatic aberration will be unnecessary, provided that the
collection fiber core will be large enough to gather all incoming wavelengths. The 45
degree Raman separation mirror serves as a low pass filter; it will reflect the Raman
excitation light and pass the emitted Raman light. Another bandpass filter will be used to
remove the remaining excitation laser signal from the Raman signal.
The full NA of the objective lens is preserved for Raman collection to maximize
light sensitivity, and the MMF fiber NA is high enough to accept all the collected NA.
In the next chapters, the capability of fluorescence detection will be tested. The
results of these optical setups will be presented and discussed.
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CHAPTER FOUR

IMAGING HARDWARE

The choice of the appropriate imaging device is one of the key elements for the
success of fluorescence detection. Today, most electronic imaging systems depend on
two different technologies: the CMOS (Complementary Metal Oxide Silicon) and CCD
(Charged coupled Device). Since their invention, these two chips have reached a high
level of perfection. Even though the CCD has been the dominant technology in the past
decades, CMOS has taken the lead in some specific areas. This chapter will first
introduce these two types of sensors and then compare their performance. The
performance will be judged mainly on noise issues. Based on noise performance, this
chapter will also assess the need for cooling the image sensor.

The Charged Coupled Device or CCD

The concept of the CCD imager was born in 1970 in Bell Laboratories as a result
of the research conducted by W. Boyle and G. Smith [1]. Since then, this detector has
reached a high level of perfection and its use become very broad, from scientific use to
popular distraction. Essentially, the CCD converts the light energy in photons to an
electrical energy in electrons. The CCD technology is based on a rectangular array of
metal oxide semiconductor capacitors or pixels. The energy of the incident photons can
make electrons in the semiconductor go from the valence band to the conduction band
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where they are free to move. The gathering of electrons takes place under the positively
charged gate of each pixel. After a chosen exposure time, the charge is shifted around and
the readout starts. The shifting of electrons is done by a sequential control of adjacent
gate voltages that make the electrons move towards the most positively charged gate.
Hence, the charge is transported vertically and horizontally to a node where the electronto-charge conversion and amplification take place.
CCD Architectures

The readout procedure directly affects the CCD speed and depends on the CCD
architecture that dictates the way the charge is transferred between the pixels. Currently,
there are three types of CCD architectures: the full frame CCD, the frame transfer CCD,
and the interline transfer CCD. The full frame CCD design was the first to be made and
has the simplest architecture. The classical full-frame CCD design employs a single
register in which all charges are transferred successively. To control the exposure and
block light during the readout a mechanical shutter is used. This method results in a high
quantum efficiency (QE) and resolution, but long read-out periods. One of the cameras
used for our experiments was the Sensys from Roper Scientific Inc. This cooled camera
is equipped with a Kodak Kaf-0401E full transfer CCD [2].
The second type of architecture is the frame-transfer CCD. In the frame-transfer
architecture, the CCD is divided into two distinct areas: the image array, where the image
is captured, and the storage array (not exposed to light), where the image is temporarily
stored prior to the readout. This design allows a continuous readout and eliminates the
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use of the shutter. Finally comes the Interline transfer CCD, which we also used in our
experiments with the JAI CV-M300 camera equipped with a Sony ICX422AL CCD [3].
In the interline transfer CCD, one column of pixels collects light charge and transfers it to
the next column that serves as a register. The register readout then proceeds in normal
CCD fashion. The interline transfer CCD reveals a low resolution and a poor
photosensitivity because a large portion of the CCD serves as a register and does not
collect light. Currently, this type of CCD architecture now uses an array of micro lenses
that focus the light to the sensitive part of the pixel. The JAI interline camera does not use
micro lenses array. Even though the interline transfer CCD suffers from a moderate fill
factor and low quantum efficiency, this type of architecture is very efficient time-wise
and can allow very high frame rates. The choice of the appropriate CCD architecture will
depend on the application and objectives. For low light detection and for the same pixel
area, the full frame CCD architecture will have the best quantum yield [4].

Figure 4.1: CCD architectures.
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In these previously cited architectures, the gate is present on the top of the
substrate, blocking some photons from reaching the pixel and, therefore, reducing the
quantum efficiency. To remediate that, the back illuminated CCD was introduced. This
CCD is mounted upside down on the camera with a much thinner substrate. This way,
there is no obstacle between the photons and the substrate. So far, the back illuminated
CCD has proved to be the most ideal for capturing low light [5]. We did investigate the
back-illuminated sensors, and our light budget did not demand this ultimate level of
sensitivity.

CCD Versus CMOS

Both CCD and CMOS image sensors are made of similar semiconductor
materials, which make them have a comparable sensitivity in the visible light and the
near IR. Moreover, both sensors rely on a pixels organization. The procedure is the same
for both sensors; first, a photon-to-electron conversion takes place, followed by an
electron-to-voltage conversion; the resulting voltage is then amplified and digitalized.
However, the differences in CCD and CMOS architectures and circuit integration make
these chips dissimilar in capability and performance. The main advantage of CMOS is the
high level of electronics integration within the pixel. This contribution can make CMOS
cameras smaller than CCD cameras. In fact, the detection, the charge-to-voltage
conversion and amplification are all done at the pixel. CMOS offers direct and faster
accessibility to each pixel and prevents blooming. In fact, CMOS can access any pixel or
region of interest arbitrarily like a photosensitive DRAM. Concerning power
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consumption, CMOS is more advantageous, as it consumes only 20-50 milliWatts
compared to 1.5-5 Watts for the CCD [6].
Because each CMOS pixel has its own amplifier, and because of wafer
irregularities, images taken with CMOS cameras lack uniformity. Therefore, the response
of different pixels under the same illumination conditions will be different. This is called
fixed-pattern noise.
Because a large portion of the CMOS pixel area is used for electronics and does
not collect light, the quantum efficiency of this sensor is very low compared to the CCD.
The quantum efficiency can be improved by using micro-lenses to direct light to the
sensitive region of the pixel. For a CCD, most of the electronics are implemented in
secondary chips, which make the CCD camera electronics bigger.
CCD offers more pixels per area and a larger photosensitive surface. Sensors with
a bigger pixel area benefit from a large full well capacity (FWC) and high signal levels.
These factors will improve the dynamic range and increase the level of saturation and
make the CCD sensor less susceptible to noise. Table 4.1 and 4.2 shows the CCD and
CMOS specifications compiled from today’s leading manufacturers.
Atmel

Kodak

SITe

CCD
TH7899M KAF-1001E SIA502AB

Array (pixels)
Pixel Size (µm)
FWC (e-)
Dynamic Range

2048x2048 1024x1024

Thomson
Sony
ICX422AL THX7899M

512x512

768x494

2048x2048

14

24

24

11.6x13.5

14

270,000

87,000

300,000

60,000

150,000

80dB

79dB

86dB

59dB

74dB

Table 4.1: CCD sensors specifications [1][7][8][9][10].
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In table 4.1, the dynamic range values were measured at 298 K. The table
indicates that in general the dynamic range improves significantly with higher full well
capacities and larger pixels. For our cameras, the dynamic range at room temperature was
59 dB and 74 dB for the Sony and the Kodak CCDs respectively. The dynamic range
disadvantage of the Sony CCD will let us understand the imaging detection limits and
requirements for low light detection.
Fillfactory
CMOS

IBIS5-1300

Agilent
Omnivision Micron
ADCS 2021 OV9121 MT9V011

Array (pixels)

1280x1024

640x480

Pixel Size (µm)

6.7

7.4

Kodak

KAC 1310

1280x1024 640x480 1280x1024
5.2

12.0

120000
68000
78000
63000
FWC(e-)
60-66 dB
65 dB*
60 dB*
60dB
Dynamic Range
* Dark shot noise not included [11][12][13][14][15].
Table 4.2 CMOS sensors specifications.

6.0
40000
>54 dB

Table 4.2: shows that the dynamic ranges of the CMOS are significantly lower
than those of the CCD sensors. This difference is due to smaller pixel sizes and smaller
FWC.
Noise is the most important criteria for our experimental imaging. Because of less
circuitry on the chip, the CCD has significant noise advantages over the CMOS imagers
at the pixel level. However, readout noise is bigger for the CCD because of the clocking
signals. Moreover, more noise is picked up in the longer charge transfer trajectories in the
CCD.
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Because CCDs produce the best signal-to-noise ratio, they remain more
appropriate for low light applications and for long time integration. Both CCD and
CMOS imagers are reliable. However, the CCD offers a superior image quality at the
expense of the system size [16]. The CMOS technology uses a higher level of integration
but with higher noise figures. Therefore, the CCD remains the technology of choice for
detecting fluorescence light [17]. For these reasons, we have decided to test the
fluorescence imaging with a full frame cooled CCD and an Interline transfer CCD. The
next paragraphs will be devoted to testing the noise performances of our cameras and
comprehending the imaging requirements and the detection limits.

Noise Analysis

When dealing with low light applications, noise must be minimized; otherwise, it
can obscure the signal. To be able to do so, one should understand the origins of noise
and its behavior. The image can be corrupted by noise from a variety of sources, some of
which can be overcome and some of which is unavoidable because of the nature of light
and current.
The signal, or the grey value of each pixel will depend on CE, CD and CN. CE, the
signal from light exposure, will be proportional to the light intensity and to the time of
exposure. This proportionality factor will be dependent on the sensitivity and the
adjustments of the analog to digital converter. CD represents the electrons excited with
the dark current, in dark conditions. CN represents signal from all noise sources. Signals

CE and CD are deterministic while CN is a random signal.
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Ctot=CE +CD +CN (eq 4.1)
The noise associated with the light exposure CE is called the photon shot noise.
The shot noise is due to the random arrival of photons in the pixel and to the random
transfer of energy from photons to electrons. This noise power is proportional to the
irradiance (the number of electrons excited S), and the time of exposure t. The shot noise
amplitude is provided by the following formula derived from Poisson statistics theory
[18]:
N shot = S

(4.2)

N shot α t (4.3)

Similarly, the dark signal CD will generate the dark shot noise NDShot which is also
proportional to the square root of the time of exposure. The dark current is also dependant
on temperature:

CD α T

− Eg
1. 5

e 2 kT (4.4) [17]

, where k is the Boltzmann’s constant, T the temperature and Eg the band gap.
The reset noise NR is another component of CN which takes place at the CCD
output, where the charge-to-voltage conversion is achieved [18]. This noise is due to the
uncertainty of the sense capacitor and also related to the temperature T by:

N reset =

kTC
q

(in electrons) (4.5)

where k is the Boltzman’s constant. Then, comes the thermal noise which is generated by
the amplifier’s resistance and the multitude of resistive elements in the camera circuitry.
This thermal noise, also called Johnson noise, is expressed as
N thermal = 4kTBR

(Volts ) (4.6), where B is the bandwidth and R the effective
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resistance. The bandwidth B is inversely proportional to the exposure time t.

CN α (N

RESET

)2 + (N

DARK SHOT

)2 + (N

THERMAL

)2 + (N

SIGNAL SHOT

)2 α

t (4.7)

The thermal noise is an important indication of the CCD quality; it refers to
the number of electrons that reach the conduction band with thermal excitation. As we
will see this noise increases considerably with temperature. Thermal noise will be
examined later on to assess the need for cooling the imaging sensor. Thermal noise takes
place in various part of the imaging hardware. For the CMOS case, these previously cited
noises take place at the pixel level.
The CCD read noise comes at a later stage; it is mainly composed of flicker noise
in addition to thermal noise. The flicker noise is inversely proportional to the frequency
and, the 1/f corner at which the noise stabilizes determines the noise floor. At low readout rates, this noise can greatly take part in the overall noise.
Operating the CCD requires clock signals to transfer the charge from the pixels to
the register. The generation of these clock signals induces the clocking noise.
Spatial noise includes the photo response non uniformity and dark current nonuniformity also called fixed pattern noise [19]. The photo response non-uniformity is
more noticeable in CMOS because of the differences in gain between the pixels due to
the uncertainties of the manufacturing process. Since spatial noise depends on
manufacturing defects, this noise is difficult to eliminate. On the other hand, temporal
noise can be removed with a variety of techniques. As demonstrated in equation 4.7,
increasing the exposure time increases the signal-to-noise ratio (if the signal does not
reach saturation). Moreover, temperature related noise can also be attenuated by cooling
the CCD and the camera circuitry.
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Need for Cooling

Our challenge is to produce images in situations where only a few photons are
available without being bothered by noise. Generally, fluorophores have a low quantum
efficiency, which makes the number of photons reaching the CCD very small. When the
excitation light is limited, long time integration remains the only way for detecting these
fluorophores.
First, cooling will attenuate the thermal noise, the reset noise the dark current and
its resulting shot noise. Secondly, when performing long time integration with a CCD, it
is necessary to consider the effects of dark current on the image. At very short exposure
time, such as 30 frames per second, the amount of dark current per frame is so small that
it can generally be neglected. However, during low light imaging, when a single frame
can be extended well beyond a second, charge due to dark current accumulates rapidly
and the image quality degrades. The dark current can significantly damage the image
clarity. In most cases, the benefits of cooling come from its ability to reduce the dark
current generated by the camera.
This raises a critical question. When does a cooled camera become necessary?
The answer will depend on the ambient temperature and on the total dark current noise
generated due to temperature, exposure time and on the expected photon flux. CCDs can
be cooled either with thermoelectric (TE) coolers or liquid nitrogen to reduce the thermal
noise. Therefore, the need for cooling the CCD will depend on the noise performance of
the CCD chip (SNR) and the conditions in which the experiment takes place. In our
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application TE cooling could be used, but increases power dissipation and complexity.
We hope to avoid cooling if possible.
Experimental CCD Performance

Two types of CCD cameras were used for the fluorescence imaging apparatus.
These two cameras were used to assess the need of a cooled camera and to quantify the
noise generated by each one of them. The first camera was a Roper Scientific Sensys
cooled CCD camera. The second one was a commercial uncooled analog CCD camera
from JAI.
Sensitivity is a key parameter in determining the quality of a photo-detector. It
refers to the minimum light power that the photodetector can detect. For our
application, a good sensitivity from the violet to the red was important for
fluorescence detection. Due to the nature of our fluorescence system, not all the
visible light was used for detecting fluorescence. For the detection of hydrocarbons
and biologic specimens, the CCD photosensitivity should be satisfactory in the violet
and in the green-red portion of the visible spectrum. Moreover, the reflected light
imaging was done only with a red LED. For these reasons, a monochromatic CCD
was chosen instead of a color CCD. Figure 4.2 and 4.3 show the sensitivity of the
CCD cameras used for this study.
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Figure 4.2: The Sony ICX422AL CCD relative sensitivity used in the JAI camera [3].

Figure 4.3: The KAF-0401E CCD sensitivity, used in the Sensys camera [2].
The sensitivity is not homogeneous in the entire spectrum and that depends on the nature
of the semiconductor.
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Long Time Integration
To measure fluorescence signals with low QE fluorophores, one needs to integrate
for longer periods of time. Long time exposure improves the detection capabilities of the
camera and is extremely useful for low light applications. Since the signal is proportional
to time and the shot noise is proportional to the square root of time, longer exposure
periods result in better SNR.
To be able to study the behavior of the noise versus the time of exposure, we need
to change the exposure time of the camera. Our two cameras had the possibility of long
time exposure. The Sensys camera came with that option. However, the JAI analog
camera needed some modification on its circuit board and some external input signals.
The analog uncooled camera was connected to a computer through a frame
grabber by National Instruments. The video signals had to follow the NTSC standard
(National Television System Committee), which consists of 525 horizontal lines per
picture. The NTSC system frequency is set to 30 frames per second or 15750 lines per
second. The video output of the camera consists of a composite signal that contains a
vertical signal VD (vertical drive) and a horizontal signal HD (horizontal drive).
To change the exposure time, the camera had to be driven by the input signal VD
and horizontal drive HD. The duty cycle of these signals had to follow the manufacturer’s
requirements. These signals’ specifications were first measured with help of a SYNC
separator chip that splits the composite video signal. The exposure time is controlled by
the time between the VD pulses, and for each VD pulse the resulting two fields will be
read. These pulses were synchronized with the video output of the camera.
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Figure 4.4: Hardware setup for the long time exposure mode.
The frame grabber on the computer was controlled by a LABVIEW program.
This program was made to synchronize between the signals and to acquire pictures.

Sensitivity

To test the sensitivity of our CCDs, the camera was exposed to a laser beam. The
beam irradiance was attenuated by using neutral density filters. The intensity or pixel
charge was measured with MATLAB and expressed in grayscale as a number from 0 to
256. The digital scale depends on the camera’s analog to digital converter ADC.
An important characteristic of the CCD system is the linearity in response to
incident light, particularly when applied for quantitative photometric or radiometric
analysis. Both CCDs gave a quite linear response, and for the same wavelength the
current generated was proportional to the number of photons received.
Figures 4.5, 4.6 and 4.7 will be used to assess the fluorescence intensity emitted
by our samples.

Pixel charge in binary
(0-256)
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Figure 4.5: Pixel charge versus the irradiance for one second of exposure time, at 500 nm
and 25 ºC for the JAI camera.
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Figure 4.6: Pixel charge versus the irradiance for one second of exposure time, at 500 nm
and 10 ºC for the Sensys camera.
For each exposure, the grayscale level was proportional to the irradiance and to
the time of exposure t.
The linear sensitivity is a characteristic of the CCD detector that is not available
on the CMOS sensor. CMOS actual sensitivity tends to be more logarithmic which can be
advantageous for observing objects with large brightness variations.
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Binary pixel charge (0-256)
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Figure 4.7: Pixel charge versus the irradiance for 1/100 second of exposure time, at
632nm nm for the IC-Media 515_E CMOS [20].
The graph in figure 4.7 was measured with a standard CMOS sensor from IC
Media, Inc [20]. Other manufacturers choose to hide this non linearity by altering the
amplification and charge-to-voltage conversion. Unfortunately, this CMOS sensor could
not be driven for longer exposure periods.

Noise Measurements

The noise behavior was analyzed with the help of an oscilloscope and with
MATLAB. The following picture shows the oscilloscope reading in one field and the VD
signal below that enables the frame’s read out process.
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Figure 4.8: Oscilloscope noise readings for 1, 10, 20 and 30 seconds of exposure time for
the uncooled camera.
Figure 4.8 shows the video signal of the uncooled camera. The portion seen
represents one field. Each peak represents the total noise in one line of the field (640
pixels). The uncooled camera has exactly 525 lines. As we can see, the noise in each line
increases with the exposure time.
Not all the pixels have the same behavior. Due to CCD irregularities, some pixels
suffer more than others from dark current. The graphs in figure 4.9 were realized with the
help of MATLAB in dark conditions. The integration time was set to 1/100 seconds for
both the CMOS (ICM-515_E) and the uncooled CCD. For that exposure time, noise was
very noticeable for the CMOS and almost non existent for the CCD. The average binary
dark noise was about 0.05 out of 256 for the CCD and 0.4 out of 256 for the CMOS.
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Figure 4.9 shows the random distribution of pixel noise for the CMOS and
uncooled CCD camera.

Figure 4.9: Random pattern noise for the CCD (left) and CMOS (right) at 1/100 second
of exposure.
Even at low exposure time, the pattern noise is very abundant and intense for the
CMOS camera and almost non-existent for the uncooled CCD. Unfortunately, the CMOS
camera from IC-Media could not be driven for longer exposure times.

Exposure time

Number of
saturated pixel
0
5
31
107
1308

Pixels with over half
the FWC
0
21
1556
2984
4520
307200

0.5
1
10
20
30
Total number of
pixels
Table 4.3: Pixel statistics on the uncooled CCD in dark conditions.
The illustration below shows the grayscale changes due to long exposure noise.
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Figure 4.10: Pictures of dark noise at 1, 10, 20, and 30 seconds with the uncooled CCD
camera at 25 ºC.
Figure 4.11 illustrates the total dark noise of the uncooled CCD camera versus the
exposure time. The measurements were taken with a closed shutter. Data were gathered
by dividing the total image noise charge in binary over the total number of pixels at room
temperature. Again, this dark noise is the addition of the thermal noise, the dark shot
noise, the reset noise, the flicker noise, and the fixed pattern noise. In general, the overall
noise follows a square root behavior. Figure 4.11 shows that for the same temperature

Pixel noise charge in
binary (0-256)

and exposure time, the average picture noise had many variations.
1.20E+02
1.00E+02
8.00E+01
6.00E+01
4.00E+01
2.00E+01
0.00E+00
0

10

20

30

40

50

Integration Time (s)

Figure 4.11: Average pixel noise charge variations versus the exposure time for the
uncooled CCD camera.
The error bars in figure 4.11 show the average noise variations for he same
exposure time. These variations were smaller than 1% of the total binary charge for an
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exposure times less than 5 sec. For an exposure time of 5 seconds, the dynamic range is
of 35 dB compared to 50 dB at 0.1 seconds.
To understand the effect of thermal noise, the camera was exposed to high
temperatures. Again, the images were taken with the uncooled CCD camera at dark
conditions and with one second of exposure. The approximate temperature was measured
by a thermo-electric sensor. The histograms in figure 4.12 show that the charge of a
significant number of pixels increases with a temperature change of 10 K.

Figure 4.12: Histogram of pixel noise distribution at 298 and 309 K for the uncooled
camera.
These variations were quantified, and the graph below shows that the average
pixel charge due to dark noise doubles approximately every 5 K.
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Figure 4.13: Dark noise intensity squared versus temperature for the uncooled camera at
1/10 seconds of integration time.
As illustrated, the dark noise behavior followed a square root of temperature
relationship just like the thermal noise equation predicted. Exposing the cooled camera to
different temperatures was not possible. The manufacturer specifications indicate that the
Sensys CCD generates a dark noise of 25 electrons per pixel per second at room
temperature and only 1 electron per pixel per second when cooled at 10oC. Without
cooling, the dark noise of the Sensys camera doubles every 6 K.
The following histograms show the pixel noise charge with no illumination for the
cooled and uncooled camera. The total number of pixels is about 373K and 359K for the
cooled and uncooled camera, respectively.
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Figure 4.14: Noise generated in a cooled camera (right) and the uncooled camera (left)
for one, fifteen, and thirty seconds of exposure time.
At room temperature and for short exposure periods, the noise behavior of the
uncooled camera is quite similar to the cooled camera. At thirty seconds of exposure
time, the hot pixels generated with the uncooled camera are very numerous, while no
pixel saturates for the cooled camera.
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In general, CCDs with a high well capacity are less affected by noise. At room
temperature our CCDs generate similar amounts of noise, 36 to 39 electrons per pixel.
Our cameras had a full well capacity of 60000 and 87000 electrons per pixel for the JAI
and Sensys CCD respectively [2] [3]. Consequently, the size of the full well makes a
considerable difference in the signal-to-noise ratio. Without cooling, the noise
performances of the Sensys CCD remain better than the ones of the JAI CCD.
The choice of the right CCD sensor is very important and will depend on the
experimental objectives. The histograms above show clearly the advantages of cooling.
The cooling clearly enhances the quality and clarity of the images. However, due to the
aspiration of miniaturization the cooling process could be neglected. Frame transfer or
interline transfer CCD with micro-lenses are preferred since they do not rely on a shutter.
Cooling can be substituted by high signal-to-noise ratio CCD chips.
In the next chapter, fluorescence pictures will be presented and investigated. The
need for cooling will be determined, depending on the exposure time needed to observe
the fluorescence of each sample. However, field experiments and the outside temperature
will assess the ultimate need for cooling. From our experimental results, at room
temperature, the uncooled CCD had a good noise performance until 5 seconds of
exposure. In addition, the noise floor and the hot pixels could be detected and canceled
with some image processing. The randomness and the sparse distribution of noise might
not be as well perceived by the eye.
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CHAPTER FIVE

IMAGING AND RESULTS USING THE DEMONSTRATION SYSTEM

After talking about our optical design and the imaging sensors, our discussion will
continue with an analysis of the detection apparatus performance. This chapter will
introduce the imaging results obtained with the table-top demonstration. We will search
for evidence of biological traces that exhibit fluorescence using bluish green LED
illumination. The detection of fluorescence from polycyclic aromatic hydrocarbons
(PAHs) will be performed with a UV LED using the same optical setup. Finally, the
Raman spectra of PAHs and biological samples taken from the literature will be
presented.

Biological Samples

Several specimens were used to prove the efficacy of our optical system for the
detection of biological traces. Biological samples were provided to us from the British
Antarctica survey. The samples collected in Antarctica consisted of rocks and lichens.
Those samples represent microbial communities that live under extreme temperatures and
intense UV radiation, which could have analogues in Mars. The samples obtained were
Xanthoria, Cyanobacteria, Acarospora, endolithic bacteria, and Nostoc. Some of our
specimens are epilithic; they live on the surface of the rocks such as lichens that rely on
UV protective pigments for their survival. Others are endolithic bacteria that live in the
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interior of rocks were they are well protected from the severe environment.
Cyanobacteria, also known as blue-green algae, are one of the oldest living organisms on
earth; they are one of the candidate micro-organisms that could be found on Mars [1].
Cyanobacteria are characterized by their use of chlorophyll as a photosynthetic pigment
and also its use of carotenoids as a photo protective pigment [1].
Xanthoria and Acarospora are types of lichens that we had in our possession.
Lichens represent a kind of symbiotic life form. The majority of lichens are composed of
fungal filaments and algal cells, usually from cyanobacteria [2]. Nostoc is an aquatic
form of cyanobacterium that can be found on moist rocks and on the bottom of lakes.
Nostoc also makes use of pigments for photosynthesis [3].

Fluorescence Spectra

Before we started testing the fluorescence of our samples with the bench-top
system, tests were conducted with a fluorometer. This enabled us to obtain the emission
and excitation spectra of our samples and assess their fluorescence efficiency. We found
for each sample an optimal excitation wavelength. First, absorbance spectra were
obtained, followed by the fluorescence emission for each sample. It turned out that most
of these samples could give a significant fluorescence emission for green or blue
wavelength excitation. However, to simplify our optical probe one excitation wavelength
had to be selected. Therefore, we decided to use a bluish-green LED with a middle
wavelength of 500 nm and with a 20 nm wide bandpass filter.
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The following results were conducted on a Spex Industries, Inc “Fluorolog.” The
y-axis scale is proportional to the number of photons that reach the sensor, scaled by the
magnification of the photomultiplier. The experiment procedures and calibrations were
made according to Dr P. Callis recommendations.

Figure 5.1: Fluorescence emission spectrum of Acarospora excited at 470 nm.

Figure 5.2: Fluorescence emission spectrum of Xanthoria excited at 500 nm.
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Figure 5.3: Fluorescence emission spectrum of endolithic bacteria excited at 480 nm.

Figure 5.4: Fluorescence emission spectrum of Nostoc excited at 510 nm.

The excitation light of the fluorometer was generated with a high intensity Xenon
lamp. The samples were excited at various finite wavelengths; these wavelengths were
selected with a grating surface. The excitation wavelengths were further reduced with the
use of narrow slits. Only a limited surface of the sample was exposed to light. As
illustrated, the fluorescence response of each sample was very distinctive. Because of the
diffuse reflections from our rough samples, different intensities were obtained for the
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same sample with the fluorometer. The results were depending on the orientation and the
position of the sample. Of these samples, Nostoc had the least primary fluorescence.
The same tests were conducted with poly-aromatic hydrocarbons. These
hydrocarbons are known to exhibit an abundant fluorescence with the far UV excitation.
However, the farthest UV LED that we could get had a peak emission of 370 nm with a
spectral width of 50 nm. Figures 5.5 and 5.6 illustrate the fluorescence emission of
gasoline and diesel. Even at the short UV wavelengths the fluorescence of PAHs remains
very strong.

Figure 5.5: Fluorescence emission spectrum of gasoline excited at 350 nm.

Figure 5.6: Fluorescence emission spectrum of diesel excited at 350 nm.
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Diesel and Gasoline contain aromatic hydrocarbons at different concentrations
and varieties, with more poly-aromatic hydrocarbons in diesel [4]. These aromatic
molecules are responsible for the fluorescence of these fuels. Benzene, toluene, and
xylene are examples of PAHs hazardous to the environment. The absorption wavelength
of the aromatic hydrocarbons decreases as the number of rings of the aromatic
hydrocarbons increases [5].

Imaging Results

To test the efficacy of our filters, fluorescent beads were purchased from
Molecular Probes, Inc. The fluorescence/emission wavelengths of these beads were
chosen to match the wavelengths of our filters. The spectra of our filters shown in figure
5.7 were obtained with an Advantest optical spectrum analyzer. The FWHM of the
bandpass filter was 25nm; the spectrum shows no overlap between the filters.

Figure 5.7: Spectra of the Long-pass and band-pass optical filters used for the micro
beads detection, on a 10 nm per division scale.
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Figure 5.8 shows the manufacturer’s specifications of the emission spectra our beads
when excited at 488 nm.

Figure 5.8: Fluorescence spectrum of the 1µm carboxylate microspheres [6].

Non-fluorescing Polystyrene beads of the same size were also purchased. This
will let us distinguish between the beads by their emission wavelengths. To test the
proper working of our filters, non-fluorescent beads were placed on a microscope slide
and illuminated with the bluish-green LED at very high intensity. These beads were not
detected by the CCD, which proved that there was no overlap between the long pass filter
and the LED with the bandpass filter. The testing was also done visually on a microscope
by shining high intensity white light through the bandpass filter.
A solution was prepared containing both types of beads and placed on a
microscope slide. Fluorescence images were taken with a fully opened iris (effective
NA=0.58); while, the black and white images were taken with a small aperture to adjust
the scattered light intensity. All the coming pictures were taken with monochromatic
cameras. With the help of MATLAB, black and white images were converted into color
images based on green and red color. The red color represents the scattered light, while
the green color shows the fluorescence emission intercepted by the CCD.
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Figure 5.9: MATLAB color processed image of fluorescing beads and micro-spheres.
This image was taken with the cooled camera with one second of exposure at 10 ºC.
In figure 5.9, big fluorescing spots represent clusters of beads; individual
fluorescing beads could also be observed. The images where taken with the cooled
camera, with a magnification of 1.42X. The area enclosed within the field of view is 4.85
mm by 3.23 mm.

Detection of Bio-Signatures

After verifying our fluorescence optical design using beads, we started testing the
fluorescence of the Antarctica samples. Figures 5.10 and 5.11 illustrate the fluorescence
and black and white image of Nostoc followed by the color MATLAB processed image
showing the fluorescence in green. The low fluorescence signals of NOSTOC detected by
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the fluorometer can be due to a bad positioning of the sample. The black and white
imaging reveals that only few elements of NOSTOC sample are fluorescing.

Figure 5.10: Fluorescence (left) and black and white image (right) of Nostoc. These
images were taken with the cooled camera with one second of exposure at 10 ºC (LED
current of 13 mA).

Figure 5.11: MATLAB processed color image of Nostoc fluorescence.

Similar imaging procedure was adopted with Acarospora lichens.
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Figure 5.12: Fluorescence (left) and black and white image (right) of Acarospora. These
images were taken with the cooled camera with one second of exposure at 10 ºC (LED
current of 4 mA).

Figure 5.13: MATLAB processed image of fluorescing Acarospora.
Figure 5.14, is the fluorescence image of Xanthoria. This image was taken with
the same optical setup with an uncooled camera, with an LED current of 3 mA. That
camera had a bigger CCD sensor that gave a bigger field of view of 6.19mm by 4.64mm.
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Figure 5.14: Color processed image of fluorescing Xanthoria. This image was taken with
the uncooled camera with one second of exposure at 25 ºC (LED current of 3 mA).
Figure 5.14 was taken with one second of integration time. The image shows
some traces of hot pixels, and its clarity was not as good as the one from the cooled
camera. However, the fluorescence is still very well detectable with the uncooled camera.
The SNR approximation of fluorescence images taken with the uncooled camera will be
evaluated later for different samples.
Endolithic biological traces can be detected with their distinct layer of bacteria
with black and white imaging together with a large field of view and a good depth of
field. Details will be brought out further with the use of dark and epi-illumination. The
reflectance imaging gives considerable details of the rock by showing the surface
structure and its morphology. Figure 5.15 shows the reflected light image of an
Antarctica rock taken with an uncooled camera with darkfield illumination.
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Figure 5.15: Monochrome image an Antarctica rock with an endolithic bacteria layer.
This image was taken with the uncooled camera with one second of exposure at 25 ºC.
Illumination in red light reveals a different reflectivity of endolithic communities.
A good depth of field and a good contrast can let us distinguish the endolithic layer in
three dimensions. Although color imaging will show the color difference between the
layers, black and white imaging remains sensitive to color inhomogeneities. The camera
also had a good dynamic range which gave enough grayscale levels on the image. Figure
5.16 shows the fluorescence response of the same spot with the bluish green LED epiillumination, with an LED current of 8 mA.
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Figure 5.16: Induced fluorescence of an endolithic microbial community. This
image was taken with the uncooled camera with one second of exposure at 25 ºC, with an
LED current of 8 mA.
The image revealed a strong native fluorescence signal generated by the endolithic
bacterial layer that was specific to the biomaterial in the rock.

Detection of PAHs

The same optical system was used to detect the presence of PAHs with a UV LED
centered at 372nm. A 420nm long pass filter and a bandpass filter centered at 375 nm and
20 nm wide were also used.
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Figure 5.17: Spectra of bandpass and long-pass filter used for short UV fluorescence
excitation. The left spectrum is on a 5nm per division scale, while the right spectrum in
on a 10 nm per division scale.
Gas and diesel did exhibit a stronger fluorescence than the previous samples and
their detection was much easier. These solutions were put on a square beaker to be
imaged. Figure 5.18 shows the fluorescence of soil immersed in diesel. For the same
irradiance, the fluorescence signal will change depending on the concentration of the
PAHs and the dryness or humidity of the soil. In general, dry soils give a higher
fluorescence intensity of the sample [7]. Even though PAHs constitute 0.2% to 0.5% of
gasoline they dominate the fluorescence signal [8].
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Figure 5.18: MATLAB color processed image of fluorescing diesel. This image was
taken with the uncooled camera with one second of exposure
at 25 ºC (LED current of 8 mA).
The next images were realized by depositing droplets of gasoline on water in a beaker.
The fluorescence and black and white images were done on the same spot. The visible
disks on the left hand side demonstrated strong fluorescence when exposed to UV light.

Figure 5.19: Black and white image of gasoline drops on water (left) and its
corresponding UV fluorescence image (right). These images were taken with the cooled
camera with one second of exposure at 10 ºC (LED current of 10 mA).
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Figure 5.20: MATLAB color processed image of fluorescing gasoline.

Fluorescence Analysis Based on CCD Sensitivity

For any specimen, the intensity of fluorescence emission depends on its
concentration, the excitation light intensity, and the fluorescence quantum efficiency. For
each sample, there is a minimal light source irradiance that will make the fluorescence
visible on the camera. Long exposure periods and high quantum efficiency of the CCD
also help achieve a better detection.
The fluorescence intensity of our samples was measured with MATLAB’s
“improfile” function. The “improfile” function generates pixel intensity values along a
chosen line of interest in the picture.
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The LED irradiance was measured at the focal plane of our bench-top probe. The
average irradiance on the sample was measured by fitting the sensing area of the optical
power meter to the “evenly” illuminated spot. Since the LED is not a point source and
because the light intensity on the sample is not homogeneous, it is more correct to talk
about average irradiance. The fluorescence detection was done with an uncooled camera.
In the example below, a cross section is shown from the fluorescence of the
endolithic bacteria. In this case, the necessary average irradiance to provoke a
fluorescence level of 90 (on a scale of 0-256) of the endolithic bacteria was 2.49 W/m2.
The picture on the right of figure 5.21 shows a fluorescence saturated pixel intensity with
an irradiance 6.86 W/m2 at the sample. These images were taken with one second of
integration time and fully opened iris using the uncooled CCD camera.

Figure 5.21: Fluorescence intensity profile of endolithic bacteria layer at 70 W/m2 (left)
(LED current of 5mA) and 150 W/m2 (right) (LED current of 13 mA).
The next histogram in figure 5.22 shows the average irradiance necessary to
saturate the pixel charge of the uncooled camera. The average irradiance was measured
with the optical power meter sensor placed at a distance of 1cm from the LED. Data
were gathered with a fully opened iris and at one second of integration time.
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Figure 5.22: Necessary irradiance needed at the sample (λ=500nm) to induce sufficient
fluorescence to saturate the pixel charge at one second of integration time.
The same tests were conducted on the PAHs with the uncooled CCD camera. The
histogram in figure 5.23 shows the irradiance needed at one second of exposure time to
saturate the pixel charge of the uncooled camera.

Irradiance (W/m^2)
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Figure 5.23: Necessary irradiance at the sample (λ=370nm) to induce fluorescence
needed to saturate the pixel charge of the uncooled CCD camera at one second of
integration time.
Based on the CCD sensitivity measurements described in chapter 4, the
fluorescence yields of these samples are presented below. The fluorescence yield was
measured by dividing the fluorescence intensity at the CCD sensor by the illumination
intensity measured at 1 cm behind the LED. These yields depend on the quantum
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efficiency of the sample and on the light collection efficiency and transmittance of the
optical elements in our system. These efficiencies also depend on the NA, on the
transmittance of our optical elements, and on the level of LED light homogeneity at the
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Figure 5.24: System fluorescence emission efficiencies based on CCD sensitivity at one
second of exposure.

Sample
Xanthoria
Nostoc
Endolithic
bacteria
Acarospora
Gasoil
Diesel

Fluorescence
Yield (W/W)
4.91E-06
1.82E-06
2.63E-06
4.35E-06
1.88E-05
1.51E-05

Table 5.1: Obtained fluorescence yields with our fluorescence detection apparatus.
Illumination Uniformity

Uniform sample illumination is very dependent upon proper alignment of all the
optical components, including the illumination source.
Two types of epi-illuminations techniques are possible: Kohler and critical
illumination. For critical illumination, light emitted from the LED goes through a
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collimating lens then gets focused with an objective lens, producing a magnified image of
the LED source in the specimen plane. The magnification will depend on the location of
the virtual image of the LED set by the LED’s epoxy lens. In Kohler illumination, the
image of the source is formed at the back focal plane of the objective lens. The spot
illumination on the sample will be the Fourier transform of the image formed at the back
focal plane of the objective lens. With Kohler illumination the illuminated field is more
uniform.
The picture below shows the chlorophyll fluorescence of a leaf using Kohler
illumination. For good fluorescence results, the leaf is supposed to be evenly fluorescing
in the whole field of view. Reasonable uniformity is observed in this image.

Figure 5.25: The uniform fluorescence illumination emission of a leaf.

LED Irradiance and Color Temperature Dependence

The optical characteristics of our LEDs were slightly susceptible to temperature
changes. In outdoor applications, the LEDs can be exposed to extreme temperatures.
Changes in temperature affect the peak emission wavelength of the LED and also its
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intensity. In all circumstances, the peak wavelength of the excitation LED has to be
contained within the working range of the band pass filter. The graphs in figure 5.26 and
5.27 show an example of the temperature dependence of the bluish green LED. This LED
has been submitted to hot and cold temperatures. The influence of the temperature
depends on the band gap and on the thermal properties of the semiconductor.

Figure 5.26: The center wavelength versus temperature change for the bluish-green LED.
The graph shows a moderate peak wavelength variation of 6nm over a 30 K range.
However, the light intensity seems to be significantly attenuated at high temperatures,
with a drop of 12 W/m2 every 10 oK.
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95

50
40
30
20
y = 83.51e

10

-0.0345x

0
0

20

40

60

temperature (degree C)

Figure 5.27: The irradiance versus temperature change for the bluish-green LED.
Once in the penetrometer, the probe’s LEDs will depend on the underground
temperature and on the field test conditions.

Raman Spectroscopy

In addition to fluorescence imaging, our miniature probe will also include Raman
spectroscopy for sample identification. Fluorescence emission is useful for locating
possible regions within the image where there might be biotic materials. To identify the
nature of that material, Raman spectroscopy gives a more specific diagnostic tool. In our
instrument we will accommodate a single-region Raman sample that is registered within
the image for morphological context. Figure 5.28 shows an example of Raman excitation
on soil. The spot was created with a 632 nm laser light for this illustration. For this
illustration, the spot size diameter shown on the picture is approximately 220 µm.
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Figure 5.28: Image of soil with a centered Raman spot.

For this thesis no Raman experiments were conducted. However, prior work in
our laboratory and elsewhere has illustrated the use of reflectance Raman spectroscopy to
identify compounds in ground pollutants such as Benzene [9]. Also Raman has
successfully identified pigments such as Chlorophyll, Carotenoids, Scytonemin and
Phycocyanin [10] that may have Martian analogs, such as the Antarctic samples imaged
in this thesis. The proposed probe design is fully compatible with reflectance Raman
sampling for chemical identification of the imaged material.
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Conclusion

With the help of a penetrometer, the LED based fluorescence probe can
effectively search for the presence of underground biological traces and PAHs. Obtaining
the pictures was a delicate task that required many adjustments. This will be much more
complicated in the field. Because we have no knowledge of the focus position and
because of surface roughness, an autonomous iris should be used to adjust the depth of
field and bring all elements in the field of view in focus.
In addition to that, Raman spectra give unique fingerprints of the targeted sample.
Raman signals can be difficult to obtain with the interference of fluorescence, especially
for biological samples, making near IR excitation appealing.
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CHAPTER SIX

DESIGN FOR COMPACT PENETOMETRER OPTICAL MODULE WITH IN-SITU
AND FLUORESCENCE IMAGING AND RAMAN SAMPLING.

This chapter describes the optics of our probe design. This design is informed
from our table top apparatus. We considered the following parameters that we considered
when making this design: miniaturization, light collection, and filter efficiency. New
elements on our optical design will be introduced. Due to their minimal size and
efficiency these elements will help in reducing the size of the probe. In addition to that,
more efficient filters will be proposed to maximize the excitation light transmission.

Probe Configuration

As discussed before, the probe will be divided into three compartments. Our
design recommendations will only focus on the optical side of the probe.
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Figure 6.1: Cross section view of the probe.

Figure 6.1 shows the cross section image of a penetrometer; existing
penetrometers’ diameter ranges from an inch to two inches. After many drawings and
modifications, we agreed on a final design for our probe. The next illustration shows the
setup of the suggested probe.

Figure 6.2: Probe design of the Raman and fluorescence probe.
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This design is very similar to the table-top design used in our experiments.
For the fluorescence apparatus, a few modifications were made such as the addition of
relay lenses and the use of a different spatial organization.
For fluorescence and reflected light imaging we have decided to use the R47-146
aspheres from Edmund Optics [1] with a lens outer diameter of 6.325 mm and a clear
aperture of 4.8mm. Identical aspheres will be used for the objective and image lens. With
a focal length of 4mm, the objective asphere will offer a high NA of 0.6.
The plano-convex relay lenses were introduced to increase the field of view by
minimizing the distance between the objective lens and the first relay lens. The two relay
lenses are identical and separated by the sum of their focal lengths which will result in
unit magnification. For a large field of view with no vignetting, large diameter relay
lenses are desirable. The field of view should have the minimum size of the CCD sensor.
The thickness of the sapphire window will be chosen to match the characteristics
of the asphere. For ideal lens matching and minimal aberrations, a similar glass window
can be used with the CCD imaging aspheric lens.

Figure 6.3: Scheme of the aspheric lese used as an objective lens.
Our aspheric lens is designed to work with a1.20 mm thick glass window with a
working distance of 1.53 mm. To withstand the scratching associated with soil
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penetration, our design will replace the glass window with one made of sapphire. The
refractive index of the sapphire window is 1.755; this change will require a window
thickness of 1.04 mm.
Two mirrors are used in our design; their coating will ensure maximum
reflectivity for the UV/visible and IR for fluorescence and Raman respectively.
The next figure shows a 3D image of the probe.

Figure 6.4: A 3D view of the final probe design.
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Figure 6.5 shows the proposed Panasonic CCD sensor for the probe design. This quarter
inch CCD sensor is one of the smallest available on the market and offers an acceptable
signal to noise ratio of 55dB. Due to its small size, this CCD can easily be incorporated
into the probe. The sensing area of this CCD camera is 3.65 by 2.74 mm. Due to this
small CCD size, no magnification will be used; therefore, the imaging and objective lens
will be similar.

Figure 6.5: Black and White Panasonic ¼” CCD.

The Panasonic GP-KS462 CCD sensor has square pixels of 4.75 um [2]. By
choosing the same focal length for the objective and CCD lens, the resolution of the CCD
will be almost equal to its pixel size.
The spectra of the filters used in the above design are described in the next
sections. These spectra were obtained from Omega Optical, Inc [3] and Chroma
technologies, Inc [4].
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Fluorescence Filters

In this section the filters used for fluorescence application will be introduced by
starting with the bluish-green induced fluorescence. These filters should ensure a good
transmission of LED light with the lesser attenuation possible. For miniaturization
purposes, bandpass filters can be omitted by choosing LED with narrower spectrum.
However, their use will ensure a finer selection of the excitation wavelengths.
The long pass filter (Filter A, OG540) will suppress the bluish-green LED
excitation wavelengths that reach the CCD from internal reflections within the probe and
Rayleigh scattering from the sample. Together, the dichroic (Filter C, 535DCLP80) and
long pass filter will result in a better blocking of the scattered light. The criteria of the
filters are chosen in order to eliminate any overlap between the longpass and the
bandpass filter (Filter B, 500DF25) and to achieve a high cumulative attenuation of O.D
5.69 at 530nm. Figure 6.6 shows the spectra of the chosen bandpass filter with 25 nm at
FWHM.

Figure 6.6: Spectra of the bandpass excitation filter (Filter B, 500DF25) from Omega
Optical, Inc. used with bluish green LED.
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Figure 6.7: Spectra of the 45 degree dichroic (Filter C, 535DCLP80) from Omega
Optical, Inc. used with bluish green LED.

Figure 6.8: Spectra of the longpass filter (Filter A, OG540) from Omega Optical, Inc.
used with bluish green excitation.
The filters’ spectra were obtained from Omega Optical, Inc. They come in
different shapes and with a minimal thickness of 1 mm.
The filters used for the UV induced fluorescence are presented below.
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Figure 6.9: Spectra of the Omega Optical filters used for UV excitation. A bandpass
excitation filter (Filter B, 370DF15).

Figure 6.10: Spectra of the Omega Optical 45 degree dichroic (Filter C, 355DCLP80)
used for UV excitation.

Figure 6.11: Spectra of the Omega Optical longpass filter (Filter A, OG405) used for UV
excitation.
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With the filters used for UV induced fluorescence, RGB color imaging becomes
possible.
Black and white imaging will be done with epi and darkfield illumination using
red light. The dichroic (Filter D, 290DCLP) used for the epi-illumination will to have a
high transmission and low reflection as presented below.

Figure 6.12: Spectra of the 45 degree dichroic used for epi-illumination (Filter D,
290DCLP) from Omega Optical.
A 90 % transmission on the visible spectrum will maximize the collection of
fluorescence, while allowing enough light for illumination to do reflected light imaging.
For a good lighting on the sample, the LED used for epi-illumination will be driven at
high currents to compensate for the low reflectivity of the dichroic.
With the previously demonstrated filters, light will experience a 51% transmission
(round-trip) for the UV induced fluorescence, compared to 28% for the bench top system.
For the bluish-green induced fluorescence, light will experience a 61% transmission
(round-trip), compared to 49% for the bench top system. This change will result in higher
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light capture efficiency. More light will be captured by the Panasonic GP-KS462 CCD
sensor which will partially make up for its lower signal-to-noise ratio of 50 dB.

Raman Setup

A single mode fiber will be used to deliver the laser light to the Raman part of the
probe; whereas, a multimode fiber will route the detected signal back to the spectrometer.
Because single mode fibers have a lower core diameter, their use will result in tighter
Raman spots on the sample. A multimode fiber will be used to achieve better light
collection efficiency.
In the probe, the Raman excitation light will be collimated by a quarter-pitch GRIN, also
known as graded index lens. The GRIN will be cemented to the excitation single mode
fiber. Several GRINs can be used depending on the desired width of the collimated beam.
In general, the length of the GRIN lens is below 5mm and their diameter ranges from
0.25 to 3.0mm. The GRIN diameter will determine the beam width. The laser beam width
will stay almost constant between the GRIN and the objective lens. A larger Raman
excitation beam will result in a smaller spot on the sample and vice versa. With a beam
width of 0.5mm, the estimated Raman spot size on the sample will be approximately 2
µm. Relay lenses can also be introduced on the Raman path to modify the beam width
and the spot size.
For a high light coupling efficiency, the numerical aperture of the GRIN should
be about 1.5 times the NA of the excitation fiber. The same rule should be followed when
focusing light into the multimode fiber. In this case, the multi-mode fiber will have about
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1.5 times the NA of the focusing lens. Despite the geometric and spherical aberrations
generated by the lens, the core diameter of the MM fiber will be large enough to gather
the entire Raman signal.

Raman Filters

Representative Raman filters are presented for 852nm excitation. Although the
spectral width of the laser diode source will not exceed 1 nm, the following band pass
filter (Filter G, 850DF7) will pass the excitation beam with 7 nm of FWHM.

Figure 6.13: Raman excitation filter (Filter G, 850DF7) from Omega Optical, Inc.
Presented below is the spectrum of our first hot mirror (Filter F, 865DCSPXR).
The transmission curve of this filter will depend on the attributes of the Raman
spectrometer. The wave-numbers of our Raman spectrometer range from 350 to 1600 cm1

. For the case of 852 nm excitation wavelength, these wave-numbers will correspond to a

range of 878 to 986 nm. The selection of the coming Raman filters will be based on these
numbers.
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Figure 6.14: Raman hot mirror (Filter F, 865DCSPXR) from Omega Optical, Inc.
This 45 degree angled dichroic filter will pass wavelengths below 855 nm and reflects
wavelengths higher than 875nm (875-1000).
The second 45 degree hot mirror (Filter E) will be shared between the
fluorescence and the Raman optical path. This mirror will reflect wavelengths above 800
nm (800-1000) and pass wavelengths between 350 and 750 nm.

Figure 6.15: Raman second hot filter (Filter E, 770DCSP) from Chroma Technologies,
Inc.
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Finally, a long pass filter (Filter H) will pass all wavelengths above 878 nm and
reflect shorter wavelengths.

Figure 6.16: Raman longpass filter (Filter H, 874ALP) from Omega Optical, Inc.
This filter will eliminate any reflected light below 878 nm and ensure the proper
working of our Raman optics.
Conclusion
The above design for fluorescence and Raman optics does not differ significantly
from our tested system. The theoretical feasibility of the probe was demonstrated;
however, only the building and testing can reveal the overall aberrations and optical flaws
associated with this design.
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CHAPTER SEVEN

CONCLUSION

This thesis has presented the design of a probe combining Raman, fluorescence,
and reflected light imaging. Although the FIRP probe was not constructed in its entirety,
the performance and the abilities of fluorescence, and black and white imaging were
demonstrated and verified, and compatibility with Raman sampling was maintained.
The LED proved to be efficient in inducing the fluorescence of our samples and
helped in miniaturizing the probe design. The LED, at a peak wavelength of 500nm,
induced fluorescence of our lichens and endolithic biological specimens. Real-time
imaging with the CCD gave good visual detection. The detection of weak fluorescing
signals was made possible by increasing the exposure time and adjusting the LED light
intensity. Exposure times from 0.1 to 1 second were used to generate these images. The
understanding of the CCD noise behavior gave us an optimal working range of exposure
times and temperature for this imaging sensor.
Infra-red Raman excitation has been shown to give a good and distinct fingerprint
of our Antarctica samples and aromatic molecules. The building of the FIRP
subsequently will assess its efficiency and the repeatability of its results.
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Future Work

To prove the utility, reliability and repeatability of the results, the probe will have
to be built and tested in the intended application, including testing over temperature
changes and in the presence of vibrations and shocks in the field.
Future work will require an overall quantification and optimization of the optical
aberrations and an optimization of the filters and optical elements. Further
miniaturization can be achieved by the searching for smaller optical elements or by
optimizing the space between these elements.
More experiments should be done to test the system with different concentrations
of aromatic molecules and with different types of soil. LED light intensity and CCD
exposure should be calibrated according to the obtained results. Calibration is necessary
to avoid blooming of the CCD and to ensure a satisfying signal to noise ratio of the
fluorescence signal.
Color imaging of soil with blue, green, and red LED illumination can also be
introduced using a monochrome CCD. This will give more details by showing the color
of the specimen and could be combined with UV fluorescence through a minimal
modification of the probe design.
For stronger Raman signals, shorter excitation wavelength are possible provided
that there will be no interference with the visible fluorescence signal.
The introduction of movable mirrors along the Raman path can provide an
automatic focus control of the Raman spot in the entire field of view. However, with the
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risk of severe vibrations, the permanently fixed optics will give more stability to the
probe.
These and other changes in the probe design will be assessed only after
undergoing field trials.

