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Introduction

Geomonitoring can be accomplished by in situ measurements, remote sensing on the ground and
remote sensing from satellite. Earth Observation (EO) from satellite, in the visible and infrared
spectral ranges, is conducted usually with high geometrical resolution satellites, with high spatial
resolution up to 30 cm. This high geometrical resolution is achieved with a broad radiometric
sampling (low spectral resolution to gain high geometrical resolution). In the extreme case of a
panchromatic image, there is no wavelength selection whatsoever, and the intensity at all wave-
lengths in the sensitivity range of the detectors are summed together. This image has a high
geometric resolution but a poor information content (all photons are integrated in a single radio-
metric band), therefore, panchromatic images are typically used to georeference (bind the satellite
images on the globe by xing ground control points) the images produced by the -selective bands.
The satellites that acquire images in a few (about 8-12) bands, distributed across the electromag-
netic spectrum, are called multispectral satellites. These few bands are distributed in the visible and
infrared spectrum but do not fully cover a continuous interval, they are also radiometrically broad,
therefore preventing any true spectroscopy approach. Spectroscopy is the science of measuring the
intensity of light at di erent wavelengths for the purpose of determining the quality and quantity

of matter present.

As an example of multispectral imager, we report in the table below the detector band characteristics
of the satellite Landsat 8 [1] of the NASA :

Band Bandwidth [ m] Ground resolution [m]

1 - Coastal Aerosol 0.43 - 0.45 30

2 - Blue 0.45-0.51 30

3 - Green 0.53 - 0.59 30

4 - Red 0.64 - 0.67 30

5 - near infrared (NIR) 0.85-0.88 30

6 - short wavelength infrared (SWIR) 1 1.57 - 1.65 30
7 - short wavelength infrared (SWIR) 2 2.11-2.29 30
8 - Panchromatic 0.50 - 0.68 15

9 - Cirrus 1.36 - 1.38 30
10 - thermal infrared 1 10.60 - 11.19 100
11 - thermal infrared 2 11.50 - 12.51 100

Table 1: Landsat 8 band designations for the two detectors mounted onboard: the VIS-SWIR Operational
Land Imager (OLI) and the Thermal Infrared Sensor (TIRS).




As one can see, the bands are relatively broad, about 10% of the centeror more. In the case
of Landsat 8, the ground resolution is not extremely high (30 m on ground projection), but this is
due to the design choice of covering a large area in a single image acquisition (swath width of 185
km), which means that the satellite covers the entire Earth in only 16 days.

Before starting to explain hyperspectral imaging, another multispectral satellite to make an
e ective comparison should be analyzed, in particular, the ESA's Sentinel 2 [2], which has the
following bands of the detector

Band Central Wavelength [nm] Bandwidth [nm] Geom. resolution (m)
1 - Coastal Aerosol 443 20 60
2 - Blue 490 65 10
3 - Green 560 35 10
4 - Red 665 30 10
5-Red Edge 1 705 15 20
6 - Red Edge 2 740 15 20
7 - Red Edge 3 783 20 20
8 - Near Infrared (NIR) 842 115 10
8a - Near infrared Narrow 865 20 20
9 - water vapor 945 20 60
10 - Cirrus 1380 30 60
11 - shortwave infrared 1 1910 90 20
12 - shortwave infrared 2 2190 180 20

Table 2: The spectral bands and resolutions of Sentinel-2 Multi-Spectral Instrument (MSI) sensor.

As it can be seen, the ground resolution of Sentinel 2 is generally better than Landsat 8, reaching
10 m for a few bands, with a smaller swath width of 100 km: this is again a speci ¢ design choice,
not related to any physical limit. All bands have spectral bandwidth 15 nm and there is no
continuous coverage of the electromagnetic spectrum from the blue to the infrared.
It is possible to use the images provided by these-selective bands to produce false-color images
and classi cations (e.g. a normalized di erence of two di erent bands) which may be able to provide
highlights of some areas not easily distinguishable in the corresponding true-color images

Now that we have de ned what a multispectral satellite is, the hyperspectral satellite used for
this work, the "PRecursore IperSpettrale della Missione Applicativa" (PRISMA) satellite of the
Italian Space Agency (ASI) can be introduced. PRISMA has a swath width of 30 km and a ground
resolution of 30 m: at rst sight, it is an extremely ine cient satellite, because it loses (or equates)
against both Landsat 8 and Sentinel 2 in both parameters. However, it has a very strong point: it
acquires a very large number (239) of narrow bands (9 nm bandwidth) in a continuous range of
between 400 nm and 2500 nm, enabling spectroscopic studies.

This type of imaging, where each pixel contains a continuous spectrum of which can be interpo-
lated and analyzed as a spectral curve (known as spectral signature), is calldgperspectral imaging
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Using the PRISMA satellite in the Short Wavelength Infrared (SWIR) region, it is therefore possi-
ble to carry out a spectroscopy of the targets within the satellite images, further reducing the gap
between the suite of measurements that can be carried out in the laboratory and those carried out
by satellites. This is a goal that multispectral satellites cannot accomplish. In fact, multispectral
data are not spectroscopy, as it is not possible to detect e.g. vibrational features having only 6 or
12 bands from violet to thermal infrared, while the PRISMA satellite provide continuous spectra
usable for characterization and recognition of the structure of matter.

Hyperspectral imaging enables the identi cation of narrow spectral signatures, like the slope of an
electronic transition in a mineral or molecule (e.g. chlorophyll), or the vibrational lines of crystal
lattices and molecules, which are chemically speci c. The spectral curve of targets, in the visible
(VIS) range, can be fairly associated with Earth colorimetry, sensing only a few broad electronic
transitions, if any. The vibrational resonances appear instead in the infrared range as narrow quasi-
Lorentzian pro les in the Earth re ectance spectra, and their chemically-speci ¢ center wavelength
can be determined from spectroscopic analysis.

In this work, we focus mostly on minerals. Unfortunately it is not su cient to increase the spectral
resolution of a satellite to be able to perform the same measurements conducted in the laboratory,
due to the challenges and technical di culties typical of satellite imaging compared to the controlled
conditions of a laboratory: the presence of the atmosphere, the dependence on sunlight as the only
source of radiation, the roughness and orientation of the projection of a pixel on the ground, com-
pared to a laboratory sample that can be mirror-polished and suitably oriented, and the need to
install reliable semiconductor sensing technology that does not require cryogenic liquids.

All these e ects combined mean that the region measurable by the satellite e ectively stops at 2500
nanometers (2.5 microns in wavelength), i.e. at wavelengths much shorter than the typical vibra-
tions in the Long Wavelength Infrared (LWIR) (5 to 20 microns and beyond) where the fundamental
vibrations occur.

It should be noticed that the enlargement of the ground pixel projection, to maintain a high signal

to noise ratio, could mix too many spectral signatures, both linearly and nonlinearly combined
inside each pixel of the satellite image, leading to poor information quality.

The proposed research (spectroscopy from satellite) could be conducted anyway because the vi-
brational infrared signals (analyzable in the laboratory) in some minerals are promoted to higher
energies thanks to promotion phenomena at frequencies higher than the fundamental one. Accord-
ing to the theory of combination bands and overtones, the hydroxyl groups attached to the crystal
lattice of silicates, carbonates and sulfates can give a vibrational signal in the SWIR at wavelengths
dependent on the crystal lattice structure.

If the attempt to perform satellite infrared spectroscopy is successful, the commercial and envi-
ronmental applications of this technology in the eld of satellite remote sensing would be countless.
First of all, it would be possible to apply it in mineral prospecting in remote and extensive territories
(mineral mapping) and with great savings in energy and work on the ground. It becomes possible
to analyze the state of health of vegetation and agricultural land by identifying the vibrational lines
of chlorophyll and water.

In addition to these main applications, this document has added applications of more specialized
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interest such as: the mapping of moraines of recently melted glaciers, the mapping of areas covered
by volcanic beaches in areas where vegetation is sparse, the mapping of ground movements which
brought previously covered subsoil minerals to the surface, the study of the crystalline quality of
the construction materials of ancient monuments, and their possible vegetation cover.

The structure of this thesis is as follows: in Chapter 1 we describe the data analysis and calibra-
tion problems that the PRISMA mission aims at solving, together with the theory and principles
underlying hyperspectral satellite missions prior to and expected to follow the PRISMA mission.
In Chapter 2 we enlist the SWIR spectra of most common Earth minerals, which de nes the ge-
ology background of this thesis. In Chapter 3 we show the hardware (in particular, the design of
the PRISMA satellite) and the software (including the software developed in-house by the company
NHAZCA srl that co- nanced this PhD project) used to produce the original spectroscopy results of
this thesis. In Chapter 4 the original results of several experimental campaigns are nally described
and discussed. After the chapters, there is a nal section that discusses possible future works that
can be performed based on the studies conducted in this thesis.
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Chapter 1

Infrared Spectroscopy from a Satellite

This work is an attempt to merge knowledge from physics of the solid state, satellite imaging and
geomonitoring.
This e ort is valuable because of the recent introduction of hyperspectral imaging satellites. These
satellites are able to make the spectral signature of a source of re ected solar infrared radiation on
Earth through high spectral sampling of the signal. This is made possible thanks to the phenomena
of overtones and combination bands that promote the characteristic photon-phonon interactions
(fundamental chemical bond vibrations) that take place in the long-wave infrared (LWIR) 5 - 30
m up to the operative spectral range of hyperspectral satellites in the short-wave infrared (SWIR)
1-25 m.

1.1 Hyperspectral Imaging in the SWIR

Hyperspectral imaging studies the re ectance of the source in a high spectral resolution. The
collection of these re ectances, through the spectral operative range of the detector, makes the
spectral signature of the source.

Historically, hyperspectral imaging starts from the visible range because it is easier to access and
collect photons at this energy level through an optical detector (often with a prism, or a grating,
displaced in front of the objective, that separates the signal in each channel of re ectance which
constitutes the spectral signature). With the evolution of spectroscopy and physics of solid state, it
has become clear that the characteristic signal of the source resides at lower energy (LWIR) where
the interaction of photons with phonons appears.

In this way it is possible to e ciently recognize and analyze di erent kinds of materials in laboratory,
however from the satellite it is not possible to access the spectral region beyond the SWIR range.
The reasons for this are due to a problem of: i) atmospheric presence (the atmosphere abundantly
absorbs radiation at these lower energies), ii) ground resolution (the projection of the detector pixels
on the ground must increase to improve the signal-to-noise ratio, but this could result in mixing
many di erent sources in the pixel, which is a severe limitation for almost all Earth Observations).
Even though the satellite detector can analyze signals in the SWIR range (wavelengths from 1100 to
2500 nm), one must consider that the detector of the hyperspectral mission of this work is a passive
sensor, so it analyzes the intensity of sunlight when it is re ected from the source. Di erently from




1.2. Overtones and Combination Bands

laboratory, where we have total control of the light source re ected from the sample, in EO we
have no control of the illumination in hyperspectral imaging from a satellite as we are forced to use
sunlight as illumination. As we can see in gure 1.1 (taken from [3]) sunlight at sea level is well
approximated by a blackbody at temperature of 5525 K.

As expected from the Planck's formula in wavelength in eq. 1.1 (wher& is the spectral radiance,
h the Planck constant, c the speed of light, the wavelength, K the Boltzmann constant and T the
temperature in Kelvin)

_2hc¢z 1

hc

E -
> exT 1

(1.1)

the signal in the SWIR spectral range (from = 1100 nmto = 2500 nm) is very low compared
to the signal in the visible spectral range.

Figure 1.1: This gure illustrates the solar radiation spectrum for direct light at sea level. The sun emits
light with a distribution similar to what would be expected from a blackbody at 5525 K (5252C), which
corresponds approximately to the surface temperature of the sun. When light passes through the atmosphere,
some of it is absorbed by gases with speci ¢ absorption bands. The additional light is scattered by Rayleigh
scattering, which explains the blue color of the atmosphere. Image from [3].

1.2 Overtones and Combination Bands

A crystalline structure can be identi ed optically by analyzing spectral features in the LWIR (wave-
lengths longer than 5000 nm). In this work, given the fact that satellite detectors do not cover this
spectral range but stop at the end of SWIR, we use the energy promotions of these signals due to
overtones phenomena and combination bands.

In gure 1.2 it is possible to see the pure signal of the calcium carbonateGaCOs3) at 7016 nm
[4] (outside the operative range of PRISMA that stops at 2500 nm) that produces overtones in the
crystal lattice, resulting in a signal at 7016=3 nm = 2339 nm [5].

In vibrational spectroscopy, an overtone band is the spectral band that occurs in a vibrational
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1.2. Overtones and Combination Bands

Figure 1.2: Spectral signature of travertine limestone extracted in laboratory by a Fourier Transform In-
frared Spectrometer (see section 3.2)

spectrum of a molecule when the molecule makes a transition from the ground state € 0) to an
excited state ( = n, with n natural number), where is the vibrational quantum number obtained
by solving the Schrédinger equation for the molecule. In table 1.1 we can, for example, report the
overtones of the Hydrochloric Acid (HCI) in the gaseous phase.

Transition Term obslCM ] harmonic [€M ] anharmonic [cm 1]
o! 1 Fundamental 2.886 2.886 2.885
o! 2 First Overtone 5.668 5.772 5.665
0! 3 Second Overtone 8.347 8,658 8.339
o! 4 Third Overtone 10.923 11.544 10.907
0! 5 Fourth Overtone 13.397 14.430 13.370

Table 1.1: Table of Overtones of the diatomic HCI gas phase.

Generally, to study the vibrational spectra of molecules, it is assumed that the vibrations of
chemical bonds are approximated as simple harmonic oscillators (see gure 1.3). Therefore, in the
Schrédinger equation, a parabolic potential is used to resolve the vibrational energy eigenstates and
their eigenvalues, making these energy states quantized. When electromagnetic radiation is beamed
onto a sample, molecules can absorb energy from the radiation and change their vibrational energy
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1.2. Overtones and Combination Bands

state. However, molecules can absorb energy from radiation only under certain condition, a change
in the electric dipole moment of the molecule occurs when it vibrates. This change leads to the
transition of the dipole moment of the molecule, from the lowest to highest energy state, respecting
the selection rules.

It was experimentally found that the intensity of the overtone band is very low compared to the
fundamental band, validating the harmonic approximation, as we can see both from gure 1.3 and
the reference [5].

Another phenomenon, in addition to the overtones bands, that raises the vibrational spectral line
to the SWIR, is due to the combination bands.

Combination bands are observed when two or more fundamental vibrations are excited simultane-
ously and consist in the sum of two frequencies involved. The Oxygen-Hydrogen groups (hydroxyl
groups OH) contained in the crystal structure of minerals have a stretching vibrational mode that
can be excited simultaneously with the pure phonons of the crystal lattice to which they are attached.

In chapter 2 we will list a collection of minerals that show vibrational features in the SWIR
spectral range due to the overtones bands or combinations bands.

Figure 1.3: The approximation of the harmonic oscillator (green parabola) superimposed on the anharmonic
oscillator (blue curve) on a potential energy diagram. Energy(r) is the potential energy of a diatomic
molecule, whiler is the radius between the centers of the two atoms. To the left is compression of the bond,
to the right is extension. Created by Mark Somoza, March 26, 2006.

In addition to the result with minerals (described in chapter 2), there are two other relevant
examples of overtones and combination bands. The rst is represented by the atmospheric absorp-
tion bands in the SWIR region (1600 and 1900 nm) for which the atmosphere is completely opaque
(this is related to the second overtone ofC0O,). The second is represented by the combination of
stretching and bending of OH groups in water vapor, that partially overlaps with the second order
overtones ofCOs.
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1.3. Technical challenges of satellite hyperspectral imaging

1.3 Technical challenges of satellite hyperspectral imaging

One of the most ambitious projects of the PRISMA satellite is enabling the possibility to perform
infrared spectroscopy in the laboratory, with the satellite data.

Analyzing the vibrational line (given by the interactions of the mineral exposed to the sunlight)
promoted to the SWIR range (due to the phenomena of overtones and combination bands), we try
to perform a spectroscopy of the matter in the SWIR range (a spectroscopy in the LWIR range
is possible only in laboratory and not from satellite). From recognition of the vibrational spectral
features, characteristic of the structure of the crystal lattice of rocks, it is possible to isolate and
classify these sources in the hyperspectral imaging of the Earth from satellite.

Of course, if it could be possible to analyze the spectral signature also in the LWIR spectral region,
the classi cation of rocks would be more performing, but it is impossible to maintain a high SNR
through the atmosphere with an acceptable geometrical resolution for rocks localization.

Also, it has to be noticed that even if PRISMA acquires continuously from 400 to 2500 nm, there
is atmosphere between the source and the detector and, di erently from the laboratory, this cannot
be removed to extract the spectral signatures. For this reason not only the atmospheric windows
prevent the signal from reaching the detector in the 1361 - 1449 nm and 1803 - 1950 nm spectral
range, but there are also some other positions (like the features on 1469 nm and 2010 nm) in which
a possible vibrational feature of a rock is totally covered by the atmosphere contribution (mainly
absorption from carbon dioxide and water).

With this achievement, it is clear that the technical challenge of PRISMA is the spectrometer,
since it must face with natural complications that are not present in the laboratory (such as the
limitation of using the Sun blackbody as illumination, or the presence of an atmosphere that ab-
sorbs the signal in certain ranges of the electromagnetic spectrum) and must attempt to obtain a
signal-to-noise ratio at a su cient level to perform infrared spectroscopy.

To understand why an array of mercury cadmium telluride (HgCdTe) photodiodes composes the
PRISMA detector, or how the prism separates the signal into the various wavelengths, the basic
principles to understand are i) the detector and ii) the prism.

In the next section we will therefore begin to introduce the concept of the photoelectric e ect
to explain the photodetectors and, subsequently, understand why the PRISMA detector in the
SWIR region is made up of an array of photodiodes.

We will then conclude the chapter with the explanation of the resolving power of a prism to under-
stand why it is mounted on the PRISMA satellite (the presence of the prism in the apparatus is
the main reason for the name of the satellite).

1.4 Introduction to optical detectors

The photoelectric e ect, discovered by Albert Einstein in 1905, describes how electromagnetic radi-
ations can transfer energy to the electrons in atoms of a material, potentially releasing an electron,
and leaving behind a hole. The kinetic energy of the ejected electron is determined by the equation
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1.4. Introduction to optical detectors

E=h , where E is the kinetic energy, h is Planck's constant, is the frequency of the incident
photon, and is the work function of the material. In the photoelectric e ect, photons with su -

cient energy can eject electrons from a surface of conducting material if they have su cient energy
to overcome the work function. These ejected electrons can then travel a certain distance, often in
a vacuum, and be collected at an anode. The photovoltaic e ect is a subcategory of the photoelec-
tric e ect. In this e ect, photons with enough energy are absorbed by a semiconductor material,
creating an electron-hole pair as an electron is promoted from the valence band to the conduction
band. These charge carriers, both electrons and holes, can generate a current in a properly designed
device with a built-in electric eld, and the measurement of the generated electron ow is used to
determine the intensity of the acquired optical signal.

In a typical spectroscopic system, a point detector or, more frequently, an array detector, is posi-
tioned after a dispersing element. For example, using a di raction grating that separates the signal
into di erent wavelengths or energy bands, it is possible to measure the intensity of light at each
of these wavelengths. This sequential process allows the reconstruction of an entire spectrum. The
information obtained is typically a count of incident photons on the detector for each wavelength
or energy level. However, the conversion e ciency of photons to electrons and holes is not constant
or even linear for all materials across the visible - infrared electromagnetic range. Each detector
has a speci c conversion curve, which is why it is critical to select the right detector for a partic-
ular application. Numerous parameters in uence detector performance, including active material,
electronic ampli cation, operating temperature number and size of pixels.

A good detector should exhibit high sensitivity in the frequency range of interest and have the abil-
ity to rapidly convert the optical signal to an electrical one while maintaining good signal-to-noise
ratio and delity.

The relationship between pixel size, charge storage capacity, and voltage applied is a crucial con-
sideration for detectors.

Photodetectors can be categorized into two main types: Point detectors and Array detectors. Point
detectors consist of a single detector element and are generally used to measure light at a single
wavelength or a narrow band of wavelengths. They are particularly suitable for applications where
precise wavelength selection is required. Array detectors, on the other hand, use a matrix of in-
dividual sensing elements to simultaneously capture multiple signals over a broader wavelength or
energy range. These detectors are advantageous when acquiring a full spectrum or when rapid data
acquisition is essential.

Array detectors mounted on the EO satellites are made of semiconductor p-n junctions. In par-
ticular in the PRISMA satellite, the material of which the detector is made, in the VIS range, is

made up of Cadmium Zinc Telluride (CdzZnTe), while in the SWIR range, the material is made up
of HgCdTe, a chemical compound that we will analyze in detail in section 1.6. In other satellites,
they are often made of Silicon, for VIS range, or Indium Gallium Arsenide (InGaAs) for the SWIR

range.
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1.5. Array Photodetector

1.5 Array Photodetector

Array photodetectors have become essential when multiple spectral or spatial information needs
to be acquired simultaneously, e.g. capturing an entire spectrum at the same moment. Di er-
ent technologies are available for array photodetectors, Photodiode Array (PDA), complementary
metal-oxide semiconductor (CMOS), and Charge-Coupled Device (CCD) detectors. These array
photodetectors are commonly used in state-of-the-art spectroscopic instruments because they o er
reliability, speed, and long-term stability.

One key advantage of array photodetectors is their ability to read out multiple channels in par-
allel, which allows a signi cant amount of data to be acquired within the time frame of a single
measurement. This parallel readout capability enables spectroscopic EO.

1.5.1 PDA

Since photodiodes are characterized by very small dimensions, it is possible to arrange multiple
photodiodes (each of which acts as a single detector) in the form of an array, to build a single
device, which is called Photo Diodes Array (PDA), a sketch of a PDA is reported in gure 1.4.

Figure 1.4: Schematic view of a PDA.
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1.5. Array Photodetector

A PDA is typically a series of detectors lined up in a row. Other geometries can be used,

but the linear shape allows for easy and compact detection and encoding of spatial data. Each
element is a reverse-biased diode. The incident photons generate charges that exhaust the present
charge and the state remains xed until the next reading cycle. During the read cycle, the state
of each photodiode is read and each diode is recharged (the current needed to recharge the diode
is actually what we measure). Since the amount of depleted charge depends on the number of
photons hitting the detector, and the position of each of them is xed, each element of the array
contains information on the intensity and position of the signal (therefore using a monochromator,
like a prism, it is possible to correlate each detector position at a speci ¢ wavelength). The spectral
response of the array is the same of the single photodiode. For example, for a silicon PDA the
working range goes from 200 nm to 1100 nm, with maximum sensitivity at around 650 nm. There
are several advantages to using a PDA instead of a single photodiode detector. First, rapid sample
uctuation, that means rapid changes in the sample during measurement, can be analyzed based
on an entire spectrum instead of a single wavelength. This can sometimes be decisive: a uctuation
can occur at one moment and not the next. Furthermore, by using a PDA, a systematic system
error would impact the entire spectrum and could be easily detected and eliminated. A PDA is the
best choice when the goal is to acquire an entire spectrum in the shortest time possible.
In a PDA, coverage and resolution compete, since pixels have xed positions and sizes. Spectrum
acquisition is usually carried out by dispersing the spectrum of interest over the sensitive area of
the detector. The higher the dispersion chosen, the better the resolution, but we get less coverage.
Therefore, in a multi-channel detector the coverage is given by

Coverage[nm] = Dispersion [nm=mm] Width of detector [mm] (1.2)
while the resolution is determined by the total coverage and the number of diodes.
Resolution [nm] = Coverage[nm] = Number of points (2.3)

In the case of PRISMA, the in uence of the monochromator (a prism) must be considered, for
this reason, the resolution of prism, will be discussed in this work, in the section 1.9.

152 CCD

CCD is a type of multichannel silicon detector in which individual points are arranged in arrays,
typically forming a 2D matrix. CCD detectors are widely used in professional applications where
high-quality image data is essential.

Each pixel in a CCD sensor is de ned by three electrodes, although only one is required for the
actual potential well . The other two electrodes are needed to transfer the charge. Each electrode
overlays the photosensitive semiconducting silicon (p-n junction). A thin silicon oxide layer is de-
posited between the silicon surface and the electrodes to provide insulation, creating a capacitor.
These capacitors are biased to maintain negative potentials around the potential well. This con g-
uration allows electrons generated by incoming photons to be stored in the potential well.

The CCD sensor is then used to read out these stored charges and shift them for conversion into
digital values. This process is performed by shifting the charges of each pixel between successive
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1.5. Array Photodetector

stages, one at a time. This process can be further detailed in three phases (as seen in Figure 1.5):

Phase 1 (Electron-hole pair generation): Initially, before exposure to light, the pixel is biased in a
way that pushes holes away from the substrate, and no mobile electrons are near the surface. When
a photon strikes the pixel, it generates electron-hole pairs in the depletion region. The electric eld
then separates the positive and negative charges, directing electrons to the surface and pushing holes
toward the substrate. It's important to note that photovoltaic generation is a nonlinear process,
and the generated charge is not linear with respect to wavelength.

Phase 2 (Charge storage): After the electron-hole pairs are generated and separated, the electrons
are stored in the potential well. This storage of charge is a crucial step in capturing and preserving
the image data.

Phase 3 (Transfer a charge packet from one pixel to the following): After the electrons are generated
and con ned within the potential well due to the applied positive potential, the process continues
with transferring a charge packet from one pixel to the next. This transfer of charge is accomplished
by changing the applied potential to di erent electrodes sequentially. Since the pixels are arranged
in columns, the charge accumulated in one row can be transferred to the pixels in the next row at
the same time.

Once the charge packets have been transferred through the columns, they are ready for conver-
sion and ampli cation, typically through an analog-to-digital converter (ADC). This step involves
converting the analog charge values stored in the potential wells into digital values that represent
the image data. Additionally, CCDs can include ampli cation stages to enhance the signal before
conversion to improve the overall signal-to-noise ratio. This process allows for the accurate capture
and storage of image information in a CCD sensor.

Once the charge packets have been sequentially transferred to an output converter, they are then
sent to an electrical ampli er. The output signal from the ampli er will be linearly proportional to

the amount of charge generated at the photon impact in any pixel. This linearity is a fundamen-
tal property of CCD detectors, which makes them well-suited for applications where precise and
accurate measurements of light intensity are required. The linear relationship between the input
light signal and the output electrical signal is a key feature of CCD technology that contributes
to its widespread use in scienti ¢ imaging and other applications where high-quality image data is
essential.
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Figure 1.5: Scheme of charges generation in a CCD and their transfer along bins.

In CCD detectors, each pixel can be read out individually, providing high-resolution data, or
they can be binned together. Binning involves combining the charges from multiple adjacent pixels,
typically through software processing, to obtain a more intense signal. This process can enhance
the Signal-to-Noise (S/N) ratio, making it easier to detect weaker signals. However, it comes at the
cost of reduced spatial resolution because the pixel data are e ectively merged.

CCDs come in various architectures and con gurations to suit di erent applications and require-
ments. The choice of CCD architecture depends on factors such as sensitivity, dynamic range,
speed, and resolution needed for the speci ¢ application.

1.5.3 CMOS

The CMOS photodetector employs a charge ampli er directly integrated within each pixel (referred
to as an active pixel). In contrast to CCDs, it features a solitary ampli er for each photodiode.
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Moreover, all the electronic components, including digital logic, clock drivers, and A/D converters,
can be incorporated into the same device. The entire pixel array is covered by a grid of metal
interconnects to manage timing and readout signals, along with an additional metal interconnect
for each column to handle the output signal. The latter is linked to a set of decode and readout
electronics, which are positioned outside the pixel array for each column, as depicted in Figure 1.6.
This design permits the use of a standard XY addressing technique to read each individual pixel.
Historically, this approach was associated with elevated noise levels due to the challenge of achieving
precise uniformity among all individual ampli ers (resulting in xed pattern noise) and the di culty

of controlling dark current at this scale. However, advancements in CMOS technology have led to
numerous improvements in CMOS sensors. Initially, noise reduction has been signi cantly achieved
by modifying the ampli er design. Additionally, the size of an individual pixel has been drastically
decreased, with the minimum transistor feature size improving from 0.5 m to 0.18 m, and even
further to 0.09 m and smaller, resulting in enhanced resolution.

When comparing CCD and CMOS technology, it becomes evident that CMOS o ers several advan-
tages due to its integration and low power consumption. While in the past, CCDs outperformed
CMOS in terms of noise and dark current levels, this is no longer entirely true with the introduction
of new CMOS sensors.

Figure 1.6: Scheme of a classic CMOS structure.

At rst glance, it might seem advantageous to have smaller pixel dimensions because smaller
pixels could potentially lead to higher achievable resolution. However, upon closer examination, this
is not necessarily true. In modern spectroscopy, high resolution can often be achieved by choosing
a longer spectrometer or a dispersive grating with a higher groove density to disperse light more
e ectively. This is typically easier than reducing the pixel dimensions of the detector.

Andrea Massi 17



1.6. Mercury Cadmium Telluride

1.6 Mercury Cadmium Telluride

To detect signals in the SWIR, as in the case of the PRISMA satellite, it is not possible to use
silicon as the material, but it is necessary to use Mercury Cadmium Telluride, which is a chemical
compound with a tunable bandgap spanning from the shortwave infrared to the very long wave
infrared regions.

Having to use this material, instead of other like silicon, poses a great limitation because it is not
possible to build CCD or CMOS entirely composed of HgCdTe. It is for this reason that we are
forced to use the HgCdTe detector as an array of p-n junctions made of HgCdTe that is soldered
on top of the silicon CMOS read-out circuit to extract spectral signatures in the SWIR region.

The amount of cadmium (Cd) in the alloy can be chosen to tune the optical absorption of the mate-
rial to the desired infrared wavelength. CdTe is a semiconductor with a bandgap of approximately
1.5 electronvolts (eV) at room temperature. HgTe is a semimetal, which means that its bandgap
energy is zero. Mixing these two substances allows one to obtain any bandgap between 0 and 1.5
eV, as we can see from gure 1.7 (left). To be precise, the energy bandgag() is given by the
following formula

Eg(x;t)= 0:302+1:93x+(5:35 10 *)(1 2x)t 0:81x*+0:83%3 (1.4)

where x is Cd concentration in the HgTe semiconductor andt the temperature of the material.
HgCdTe has a zincblende structure with two interpenetrating face-centered cubic lattices o set by
(1/4,1/4,1/4) ag in the primitive cell. The cations Cd and Hg are statistically mixed on the yellow
sublattice while the Te anions form the gray sublattice in the image 1.7 (right).

Figure 1.7: (Left) The variation of energy gap with the cadmium fraction present in the semiconductor as
explained by equation 1.4, blue solid curve is at a constant temperature of the material at 80 K, while violet
solid curve is at room temperature of 300 K. Created by Jaraalbe, November 27, 2005 (Right) Image of a
zincblende unit cell. Created by Benjah-bmm27, May 6, 2007.

HgCdTe is a soft material due to the weak bonds Hg forms with tellurium transparent in the
infrared at photon energies below the energy gap. It is a softer material than any common III-V
semiconductor. The Mohs hardness of HgTe is 1.9, CdTe is 2.9 and HgCdTe (with the following
fractions: Hg = 0.5 and Cd = 0.5) is 4.

The thermal conductivity of HgCdTe is low; at low cadmium concentrations it is as low ad€0:2W=(Km).
The speci ¢ heat capacity is 150J=(kg K).
In PRISMA satellite, as we will see in the next session, the nominal temperature of SWIR focal
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plane is controlled at a stable value in the range 160 to 180 K.

1.7 Cooling impact

The operating temperature of a detector is indeed a critical factor that can signi cantly impact
its performance, especially concerning noise and dark current leakage. Dark current is primarily
caused by thermally generated electrons within the detector. The likelihood of generating thermal
electrons is directly proportional to the operating temperature, so cooling systems play a crucial
role in enhancing a detector's e ciency.

Since the source signal we are interested in this work resides in the SWIR region and the de-
tector is mounted on a satellite, we are more interested in a system that can be remotely controlled
to lower or raise the temperature of the Visible-Near Infrared (VNIR) and SWIR detectors to allow
measurements in the operating temperature range. As we can see from the gure 1.8, the temper-
ature at which the detectors are kept is between -83 and -10G.

Figure 1.8: VNIR and SWIR Focal Plane Assemblies (FPA) cold chain temperature control loop perfor-
mances. As we can see, the thermal monitoring is active on both detectors (FPAS), radiators and the link
between them (heat pipes) for each line (VNIR and SWIR).(image credit: Leonardo SpA, ASI).

For a cooling solution that does not require human presence in situ, thermoelectric cooling
can be employed. This method utilizes the thermoelectric e ect with di erent Peltier junctions to
pump away heat and maintain a lower operating temperature. While not as e cient as liquid
nitrogen cooling in reducing dark current, thermoelectric cooling is more accessible and does not
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require the frequent re lling of a liquid nitrogen vase of Dewar.

A Peltier junction, or Peltier cooler, is a thin device composed of two separate legs made of heav-
ily doped degenerate semiconductor materials: n-type and p-type, which are connected by a thin
copper lamina, as depicted in Figure 1.9. When an electrical potential is applied across these two
semiconductors, an electric current ows, and heat is transferred from the lamina above to the
lamina below, leading to a cooling e ect. It should be noted that by reversing the potential, the
reverse e ect can be obtained by pumping heat from the lower plate to the upper plate leading to
a heating e ect that could be necessary for a satellite when, for example, it is in the shadow of the
Earth, and the temperature of the detector could go below its operating temperature.

Figure 1.9: Scheme of a Peltier system.

1.8 Theoretical limit for photovoltaic detectors and photoconduc-
tive detectors

In this section, the fundamental characteristics of a photodetector are mentioned (responsivity,
guantum e ciency and noise equivalent power) in order to introduce the concept of specic detec-
tivity. In this way it is possible to show, in one gure, the theoretical performance of a series of
infrared detectors and justify the choice of HgCdTe as the material for the detector mounted on the
PRISMA satellite.

Responsivity (R) indicates the e ciency of a sensing system in converting input signals into output
signals. In the case of a photodetector, it quanti es the electrical response corresponding to the
optical input it receives. Typically, the responsivity of a photodetector is indicated in volts per
watt of incident radiant power. This measurement varies based on factors such as the wavelength
of the incoming radiation and the intrinsic characteristics of the sensor, including the band gap of
the photodetector material.

A simple formula for the responsivity of a photodetector, where an optical signal transforms into
an electric current (known as a photocurrent), is

R= —  [V=W] (1.5)
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where S is the signal output [V], P the incident energy [W / cm?] and A is the detector active
area tm?].
Output signals from photovoltaic detectors are usually extracted as photocurrent, so theR given
in terms of the wavelength of the optical signal , (R ), is expressed in units of A/W.
When light at a given wavelength enters a photovoltaic detector, the photocurrent! is expressed
by the following equation

PA _ gPA

' = 9he = e

[A] (1.6)

where is the quantum e ciency indicating the fraction of photon ux that contributes to |
when a photodetector is irradiated by photons of a particular wavelengthq is the electron charge,
h is the Planck constant andc is the speed of light.

The Noise Equivalent Power (NEP) is the quantity of incident light equal to the intrinsic noise
level of a detector. In other words, this is the quantity of incident light when the signal-to-noise
ratio (S/N) is 1 in a one hertz output bandwidth ( f) and its formula is

NEP = S:HP@A:]C [W=Hz72] (1.7)

Detectivity ( D ) is used to characterize the performance of a photodetector and it is equal to
the reciprocal of NEP normalized per square root ofA

p—

__A 1=2_
= NEP [cm Hz™"=W] (1.8)

To show the theoretical limit of D* we need to consider the noise that occurs when detecting in-
frared radiation. This noise may come from the infrared detector itself, from its operating circuits
or from background uctuation. Supposing that noise from an infrared detector and its circuits can
be ignored in comparison with the noise caused by background uctuation, the detection limit is
determined by only the noise from the background uctuation. This is called Background Lim-
ited Infrared Photodetection (BLIP). The BLIPs of photovoltaic detectors and photoconductive
detectors are given as follows:

p_

D of photovoltaic detector : D = ﬁ [cm Hz¥2=w] (1.9)
p_

D of photoconductive detector: D = @% [cm Hz¥2=w] (1.10)

where Q is the ux of the background radiation.
Figure 1.10 shows the BLIP of background radiation at 300 K when the FOV ( eld of view) = 180"
As we can see from the gure 1.10 HgCdTe is the only one with a weak dependence of the responsivity
on in the SWIR range, excluding InSb which however is less reliable.
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Figure 1.10: Detectivity curves for various available IR detectors plotted vs. wavelength. Calculated ideal
detectivity limits are indicated by dashed lines. The curve of HgCdTe is emphasized to highlight the fact that
is sensitive to the SWIR range (in this gure is indicated by a green rectangle). Image taken from [6].

1.9 Prism Resolving Power

In the PRISMA satellite the detector is a PDA (see section 1.5.1) composed of HgCdTe (see section
1.6). Beyond the signal (that as explained is low in the SWIR range) the resolution in wavelength
of the device is based on the prism resolution that has the task to divide the signal in the di erent
channels of analyses. In this case, a prism is used to split the sunlight re ected in 239 distinct
bands.

The ability of a prism to resolve two nearby spectral lines is known as resolving power of the prism.
It is measured by =d , whered is the smallest wavelength di erence that can be only resolved
by the wavelength . In gure 1.11 it is possible to see the scheme that de nes the geometry of the
resolution of a prism.

For a plane wave front BP of light, we can consider wavelength and + d as the light incident
on the prism ABC, which is placed on the position of minimum deviation. CQ and CQ' are the
emergent wavefront for wavelength and + d respectively, while and + d represent their
angle of deviation, and + d instead are the refractive indices corresponding to wavelength
and + d respectively.

According to Fermat's principle, the optical path between the incident and emergent wavelength
for any wavelength must be the same. Hence, for the wavelength it is possible to write

PA+ AQ = BC (1.11)

Similarly, for the wavelength and + d we have
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PA+ AQ°=( d)BC (1.12)

From eq.1.11 and 1.12, we obtain

AQ AQ°=d BC (1.13)

Figure 1.11: A sketch of the resolution power of a prism

but, from gure 1.11, AQ AQ%= RQ thereforeRQ = d BC .

Again from gure 1.11 we obtain

RQ = CQd

(1.14)
CQd =d BC

The emergent beam has a rectangular section. The section may also be considered as a rectan-
gular aperture of width e which is the width of the emergent wavefront CQ.

Hence,
td

ed =td =) d =? (1.15)
Where, t is the width of the base of the prism.
Therefore, the diraction pattern for each wavelength is equivalent to that due to a rectangular
aperture of width e. According to the Rayleigh criterion, if two spectral lines are just resolved, then
the principal maximum of one should fall on the principle maximum of the other. It means that the
angular separationd between the principal maxima of and + d must be equal to the angled
between the principal maximum and rst minimum of . The angled is given by the Fraunhofer

di raction at a single slit.
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esind =
ed = (1.16)
d = —
e
For just resolution d = d . So, from eq. 1.15 and 1.16, we get
td _ _
e e (1.17)
td =
Hence, the resolving power of the prism,
d
— =t 1.1
a - 'q (1.18)

It shows that the resolving power of a prism is directly proportional to the width of the base of
the prism, and also proportional to the rate of change of refractive index with wavelength.
As we calld =d dispersive power, we can say that the resolving power is given by the base of the
prism multiplied by the dispersive power of the prism.

Since the HgCdTe array mounted on the satellite was to detect only in the 1100-2500 nm range, a
prism is su cient, hence the choice to use a prism and the name of the satellite itself. As we will
see in the next section, AVIRIS and Hyperion, for example, use gratings and not prisms to disperse
light into di erent directions through di raction instead of refraction allowing a linear dispersion to
the formula of resolving power of gratings :n = d(sen sen 9 wheren is the order of di raction,
d the distance between grooves, the angle of the incident light from the grating normal and
the angle of the diracted light from the grating normal.

0

1.10 Missions

In this subsection we expose the previous missions about hyperspectral imaging before the launch
of PRISMA and the future missions that are in program in the next future.

The era of hyperspectral remote sensing began with the development at the Jet Propulsion Labo-
ratory of the Airborne Imaging Spectrometer (AIS) [7].

The widely used Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) represents the second
generation of NASA hyperspectral sensors ([8] - [9]).

AVIRIS was own for the rst time in 1986 ( rst airborne images) and has been fully operational
since 1989. It uses scanning optics and a group of four spectrometers to image a 677 pixel swath
width simultaneously in 224 contiguous spectral bands. In airborne and satellite detectors, the
swath width indicates the geometrical width of an array of pixel detector projected on the ground
during its movement, in this case from an altitude of 20 km, the operating altitude of AVIRIS, means

a 12 km of width projection on the ground, which constitutes a 2020 m of projected ground pixel
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resolution.
The detector of AVIRIS consists of 4 di erent spectrometers that operate at di erent spectral ranges,
their characteristics are illustrated in table 1.2
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Parameter Value Parameter Value
Spectrometer A Detectors of Spect. A
Spectral range: 360 - 670 nm Type: Line array
Number of bands: 32 Number of elements: 32
Bandwidth: 9.7 nm (FWHM) Material: Silicon
Grating: 117.65 lines/mm Integration time: 87.5us
Spectrometer B Detectors of Spect. B
Spectral range: 660 - 1280 nm Type: Line array
Number of bands: 64 Number of elements: 64
Bandwidth: 9.5 nm (FWHM) Material: Silicon + InGaAs
Grating: 128.2 lines/mm Integration time: 87.5 us
Spectrometer C Detectors of Spect. C
Spectral range: 1260 - 1880 nm Type: Line array
Number of bands: 64 Number of elements: 64
Bandwidth: 10.0 nm (FWHM) Material: Indium Antimonide
Grating: 128.6 lines/mm Integration time: 87.5 us
Spectrometer D Detectors of Spect. D
Spectral range: 1880 - 2500 nm Type: Line array
Number of bands: 64 Number of elements: 64
Bandwidth: 10.0 nm (FWHM) Material: Indium Antimonide
Grating: 128.6 lines/mm Integration time: 87.5 us

Table 1.2: Characteristics of the four detectors mounted onboard on AVIRIS.
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Another mission that is considered very important for its contribution in the hyperspectral
imaging before the launch of the PRISMA satellite is Hyperion (decommissioned on March 2017)
[10].

The design of the satellite includes a telescope, two grating spectrometers with supporting focal
plane electronics, and a cooling system.

This satellite has acquired images by a pushbroom movement, that means that data are collected in
each pixel of the satellite image during its movement. In this case, like PRISMA, a four-dimensional
hypercube is generated because the satellite acquire the rst array of pixel of the image as a three
dimensional cubeX R with X that is position of the satellite image pixel along X axis
and R( ) the spectral signature contained in the pixel, and continues to generate data by sliding
the three-dimensional cube along theY axis of the satellite image. With this process, it is possible
to obtain a X Y satellite image of which each pixel contains a spectral signatur( ).

A dichroic lter in the system re ects the band from 400 to 1000 nm to one spectrometer (VNIR)
and transmits the band from 900-2500 nm to the other spectrometer (SWIR).

A focal plane array provides separate VNIR and SWIR detectors. The SWIR detectors are cooled
by a cryocooler. The SWIR overlap with the VNIR from 900 to 1000 nm permits cross-calibration
between the two spectrometers. Both spectrometers use a JPL convex grating design in a 3-re ector
O ner con guration. The VNIR spectrometer uses silicon-diode detectors fabricated in the silicon
substrate of a ROIC to provides a 10 nm spectral bandwidth over a range of 400-1000 nm. The
SWIR spectrometer has HgCdTe detectors, cooled to 120 K. The SWIR spectral bandwidth is 10
nm. The telescope is a three-mirror astigmatic design, the high-resolution hyperspectral imager
is capable of resolving 220 spectral bands (from 0.4 to 2.5 m) with a 30-meter resolution. All
the mirrors in the system are constructed from coated aluminum, as well the structure holding the
optical elements, so that the mirrors and housing all expand and contract at the same rates.

Before conclude this section describing the successor of PRISMA, PRISMA Second Generation
(PRISMAZ2G), it is necessary to introduce some concepts of satellite imaging in order to clarify the
improvement of this hyperspectral mission of the future.

As explained in the introduction, one of the biggest problem of the hyperspectral satellites respect
the multispectral satellites consists in a lower spatial resolution. Whereas in multispectral imaging

a few but radiometrically extended bands are used, hyperspectral imaging uses a much higher num-
ber of bands but also necessarily much narrower since the electromagnetic range they must cover
remains unchanged. Therefore, to increase the amount of photons collected from each band, one
possible solution is to enlarge the ground projection of the detector pixel mounted on the satellite.
The result is a satellite image (raster) that is, however, due to the fact that it is composed of larger
pixels and therefore a smaller amount of pixels for the same area framed by the satellite, at a lower
geometric resolution. This mode of acquisition that generates an image of Y dimensions
without holes and projected onto the globe is called Stripmap.

However, this is not the only way to increase the signal-to-noise ratio. An alternative method
that allows results with relatively high spectral resolution but without losing geometric resolution

is to increase the exposure time. This can be done during pushbroom (as explained in this sec-
tion, it is the acquisition of data by satellite motion and it is necessary to produce the hypercube
X Y R ) by curving the satellite during its trajectory, so that it frames the same point
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on the ground for more time. The image that is generated in this way will be composed of small
areas (spots) that will no longer be of low geometric resolution but will be separated from each
other by non-acquisition gaps (no data) and will no longer result in a continuousX Y image,
but will instead generate a X Y matrix with hyperspectral data spots and acquisition gaps.
This acquisition method is called Spotlight .

PRISMA2G will perform the passage of the spectral resolution to 10 meters (thanks to the new
Spotlight way of acquisition that increase the exposure time producing spot images instead of the
classic rasters produced with Stripmap at 30 m of ground resolution).

This new function pioneers for hyperspectral technology, and will increase the quality and quan-
tity of the data collected, and the new mission will be able to send back about 3 terabytes of
hyperspectral images per day, e ectively more than 10 times the capacity of its predecessor.
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Geology Background

In the VNIR spectral range, hyperspectral imaging could retrieve useful information that is widely
used in Earth Observations (both as pure data and as data fusion with other remote sensing data).
Some of these results will be discussed in Section 4.7 in which a hyperspectral imaging technique is
used on a green site of a cultural heritage (Appia Antica Regional Park) to perform a colorimetry
of the vegetation to measure and establish its health.

However, information on this spectral range could not give any information about structural crystal
lattice and for this reason the main work of this thesis does not involve the works on the VNIR
range of hyperspectral satellite. They involve instead works about the SWIR spectral range, in
which it is possible to observe vibrational features of minerals, as we will now explain.

The signals of the reticular vibration of rocks due to the sunlight exposure, resides in the LWIR
spectral range. Even if this signal is very important and characteristic of the sample considered (it
could be decisive in operations like localization and identi cation of rocky areas in satellite image,
mineral mapping), it is not possible to perform any kind of analyses in this spectral range (due to
the atmospheric absorption and geometrical resolution explained before).

Anyway, it is possible to analyze these signals when they are promoted to higher energy (moving to
the SWIR spectral range) due to the phenomena (see subsection 1.2) of overtones of pure phonons
or combination bands between pure phonons and hydroxyl groups attached to the crystal lattice.

In gure 2.1 (taken from [11]) we can see a collection of rocks that show vibrational features in
SWIR spectral range due to the overtones bands and combinations bands.
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Figure 2.1: A collection of rocks with vibrational spectral features in SWIR. In the notation: represents

stretching of the OH group in respect to the structure, that is indicated in brackets, denotes bending,
+ indicates the combination of stretching and bending, 2 indicates the rst overtone of the stretching

fundamental, and 3 refers to the second overtone of the stretching fundamental. Image taken from [11].

The context of this thesis is about Earth Observations, with a particular focus on the detection
and identi cation of rock species due to the spectral features in the SWIR range (obtained from
overtones and combination bands of the pure signal in the LWIR range).

The objective of this section is to provide an overview of the functional groups present in rock-
forming minerals, which give rise to diagnostic absorption features in the SWIR.

Functional groups are clusters of molecules that play a crucial role in fundamental vibrations within
the mid and far-infrared spectra, consequently in uencing combinations and overtones in the short-
wave infrared range (1000 - 2500 nm). They serve as a key to understanding absorption features by
establishing connections between absorption patterns and the chemical composition, as well as the
crystallographic structure of a mineral.

Absorption bands associated with bending and stretching vibrations of key rock-forming minerals,
including hydroxylated silicates, carbonates, and sulfates, manifest in the mid and far-infrared spec-
tral range. In di-octahedral phyllosilicates, exempli ed by white mica, stretching fundamentals are
situated approximately between 3642cm ! (2746 nm) and 3581cm ! (2793 nm), while bending
vibrations occur around 924cm ! (10823 nm). Shortwave infrared absorption features primarily
stem from overtones of stretching vibrations and combinations of stretching and bending vibrations.
Calculations for combinations of the stretching and bending fundamentals of thédl, O H fea-
ture, crucial for di-octahedral phyllosilicates like muscovite, paragonite (456&cm 1 or 2190 nm),
and phengite (4505cm * or 2220 nm), align with experimental results (refer to [12] for a summary).
The rst overtone of the Al, O H feature appears in the 710&m * (1400 nm) region, exhibit-
ing a shift to longer wavelengths compared to the double frequency of the stretching fundamental
vibrations due to the anharmonic behavior of the OH-group ([13]).

In the range of solar re ected light (0.3-3 m ), numerous minerals exhibit distinctive absorption
bands attributed to vibrational overtones, electronic transitions, charge transfer, and conduction
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processes. For a comprehensive understanding of the origins of these absorption features, [14]
provides an excellent review. The spectral characteristics of minerals have undergone extensive
examination (e.g., [15],[16] and [17]). In the literature, there has been a focus on studying the
nonlinear e ects arising from mineral mixtures (e.g., [18]; [19]; [20] and [21]).

The term high spectral resolution should be interpreted within the specic context of this
study. While the resolution employed in satellite measurements (9 nm for PRISMA) may not be
considered high when evaluated against all standards of laboratory (less than 0.6 nm), it stands
out when compared to re ectance spectra commonly published in the geological communities. The
maximum resolution reported in this study is akin to what can be achieved in re ectance with
standard commercial Fourier Transform Infra-Red (FTIR) spectrometers.

This study serves as a survey focusing on narrow absorption features in minerals. Given the impracti-
cality of showcasing spectra for all minerals within the constraints of a single paper, a representative
fraction is presented to provide an illustrative overview.

Broad absorption bands observed in the visible and near-infrared regions are commonly attributed
to electronic transitions, such as ligand eld and metal-metal charge transfers (for a comprehensive
review of absorption processes, see [14]). The absorptions originating fra@H , H,O, and CO? ,
noticeable in the 0.9 to 2.5 m range, result from overtones and combinations of fundamentals that
manifest at longer wavelengths.

Successive higher overtone or combination absorption bands inherently possess strengths approx-
imately 30-100 times weaker than their respective lower overtone, combination, or fundamental
vibrations bands. However, in re ectance, where a lower absorption coe cient allows photons to
penetrate more material, the observed band strength tends to be enhanced (e.g., [22]; [23]). Band
saturation e ects introduce scattering conditions that can result in combinations and overtones ex-
hibiting stronger apparent band depths than the fundamentals (e.g., [22]; [21]).

2.1 Water and Hydroxyl in Minerals

The water molecule exhibits three infrared-active fundamental vibrations absorptions that are shown
in table 2.1 in units of Frequency, Wavelength, Energy and Pulsation.
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Frequency Wavelength Energy Pulsation

(Jlem 11 ()[nm]  (h)evl  ()[Hz]

Conversion between quantities 1000 10000 0.12 2:99 101
Symmetric OH stretch 3651 2738 0.45 1:.09 10"
Asymmetric OH stretch 3755 2663 0.46 112 10"
H-O-H bend 1595 6269 0.19 478 1013

Table 2.1: Table of conversion and of the three infrared-active fundamental vibrations absorptions of the
water molecule. The rst row indicates the conversion between the di erent units of Frequency, Wavelength,
Energy and Pulsation.

In its free state, there is a symmetric OH stretch, denoted as 1, at 3651cm 1, an asymmetric
OH stretch, 3, at3755cm 1, and an H-O-H bend, », at 1595cm !. In H,O gas, these absorptions
manifest as multiple closely spaced bands due to combinations with rotational modes. Moreover,
in the SWIR, combination bands reveal rotational ne structure on the milliangstrom scale.

In liquid water, rotational ne structure is absent, and the bands shift to 1 = 3219cm !, 3 =
3445xcm 1, and , = 1645cm 1. In ice, the bands undergo further shifts to ; = 3221cm 1,

3 = 3400cm 1, and , = 1650cm 1. These shifts in band positions are attributed to hydrogen
bonding. The absence of rotational ne structure in both the liquid and solid phases is attributed
to the molecule's inability to rotate.

In the SWIR, the isolated water molecule exhibits absorptions at 1.875 m ( 2+ 3 =5333cm 1),
1454 m (2 2+ 3),1.379 m( 1+ 3),1.135 m( 1+ 2+ 3),and 0.942 m (2 1 + 3)[15].

In minerals, water exhibits combination and overtone bands near these positions. Water can be
physically adsorbed on the surfaces of mineral grains or occupy speci c lattice sites (e.g., beryl),
or it can be an integral part of the crystal structure (e.g., gypsum). The water bands may appear
sharp, as observed in well-ordered sites in beryl, or broad due to multiple or poorly ordered sites,
as seen in montmorillonite. The presence of a band at 1.9n indicates the presence of molecular
water in the sample. Conversely, the absence of a 1.eh band but the presence of a 1.4m band
indicates the presence of only OH-groups, which is often a component of the crystal structure of a
mineral.

There is a common notion that the OH stretch typically occurs around 2.78m (3600cm ). The
rst overtone generally manifests itself near 1.4m (2 oy 714cm 1), while the second overtone
occurs close to 0.95m (3 oy or 10500cm 1).

In layered silicates, the range of the OH stretching vibration is reported to be 3400-3756m ! (2.94

- 2.67 m ). The frequency of the OH vibration is correlated with the speci c site it occupies. For
instance, in common chain, ribbon, and ring silicates, the absorption band position is linked to the
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electronegativity di erence between Mg and another cation when the cation substitutes into the Mg
site [24].

The ne structure in the OH stretching region was initially observed by [25] in the transmission
spectra of natural talc. Four closely spaced bands were identi ed and interpreted as arising from
mixed (Mg, Fe) talc. These bands are attributed to hydroxyl groups linked to Mgs, Mg, + Fe,
Fe>+ Mg, and Fes. Similar bands are observed in other minerals containing (Fe, Mg) and hydroxyl.
Apart from absorption related to the OH stretch, hydroxyl-bearing minerals exhibit absorptions due
to OH librations in the range of 400 - 1200cm ! (25-8 m ), and translation vibrations of OH near
300-700cm 1. In-plane librations (bending) are detailed in Table 2.2.

Species Wavelength [m] Frequency Em 1]
Al,OH 11-9.8 909.1-1020.4
Fe3* AIOH 11.2 892.8
MgAIOH 11.9 840.3
Fe3* OH 12.2 819.6
Fe?* Fe3* OH 12.5 800
MgF e3* OH 12.5 800
Mg.OH 17-15 588.2-666.7

Table 2.2: Table of hydroxyl bending in most common layered silicates.

Combination vibrations involving the OH stretch and metal-OH bend are observed in the 2 -
2.5 m region (5000-400cm 1). It is generally recognized in the literature that if a band occurs
near 2.2 m (4500cm 1), it is attributed to AIOH; at 2.3 m (4300cm 1), it is associated with
MgOH [14].

Understanding the positions of the fundamentals is crucial. Minerals displaying ne structures in
the OH stretching region are expected to exhibit ne structure in the overtone regions as well.
The overtone regions may be more complex due to the involvement of vibrational and translational
modes. However, overtones generally tend to be more intense than a combination of overtone and
combination bands because more modes are involved.
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Fine structure is not as prominently detected in the bending regions of fundamentals as observed
in the OH-stretching fundamental vibrations region. Bending vibrations typically have a broader
width than the OH stretches. A combination of OH stretch and metal-OH bend may not necessarily
exhibit the ne structure observed in the OH stretch region, as the broader bending modes can
potentially obscure the details of the combination stretch-bend absorption bands.

2.2 Phyllosilicates

For the rest of the chapter, minerals that present vibrational characteristics in the SWIR will be
described.

Di- and tri-octahedral phyllosilicates represent a signi cant group of rock-forming minerals that
exhibit distinctive absorption features in the SWIR. These phyllosilicates are categorized into ve
major groups based on their layer structure: i) Di-octahedral 1:1 phyllosilicate ( 7A phase): e.g.,
kaolinite, ii) Tri-octahedral 2:1 phyllosilicate (9A phase): e.g., talc, iii) Di-octahedral 2:1 phyl-
losilicate ( 10A phase): e.g., muscovite, phengite, celadonite, iv) Tri-octahedral 2:1 phyllosilicate
(10A phase): e.g., biotite, v) Tri-octahedral 2:1:1 phyllosilicate ( 14A phase): e.g., chlorite.

This classi cation is partially derived from [26], which summarizes four principal layer types of phyl-
losilicates: 1/1, 2/1, and 2/1/1 patterns (Figure 2.2, Figure 2.3). It is extended by considering the
number of octahedral sites lled in the respective phyllosilicates, providing important information
about the infrared functional groups contained.

Figure 2.2: Schematic representation of the four layer types of phyllosilicates 1/1, 2/1 and 2/1/1 patterns
[26]. Grey triangles represent tetrahedral layer; gray rhombus represent octahedral layer; gray circle represent
interlayer cation. Image taken from [11].
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Figure 2.3: Cationic planes of three di erent layer types of phyllosilicates (from [26]). 1/1 minerals have
two cationic planes, one tetrahedrally coordinated (1) and one octahedrally coordinated (2). 2/1 minerals
contain three cationic planes ( 9A phases ), and an additional fourth cationic layer (interlayer sheet) when the
structure is not electrically neutral ( 10A phases). The di erence between the di-octahedral (e.g. muscovite)
and tri-octahedral (e.g. biotite) 10A phases is represented by the vacant third cation site in the di-octahedral
phyllosilicates. 2/1/1 minerals have two tetrahedrally and two octahedrally coordinated layers. The octahedral
layer 4 is also often referred to as the "brucite-layer”, whereas the combination of layers 1, 2 and 3 is referred
to as the "talc-layer". Image taken from [11].

The ve layer types and the various combinations of these types in interlayered phyllosilicates
contribute to a diverse array of absorption bands in the SWIR.
Discussion here focuses on the combination bands related to the main functional groups of di- and
tri-octahedral phyllosilicates in the SWIR.
Kaolin group minerals, serving as the primary representatives of di-octahedral "7A-phases," exhibit
a distinctive doublet with a prominent feature xed at approximately 4530 cm ! (2209 nm) and
a secondary feature at around 463@m * (2160 nm) [27]. This doublet can be deconstructed into
four absorption bands, where the three shorter wavelength ones are associated with the stretching
vibration of the inner hydroxyl groups ( + Al 2OHj;, hydroxyl groups bonded to the tetrahedral
layer, see Figure 2.2), and the major long-wavelength one is linked to the stretching vibration of
the outer hydroxyl group ( + Al OH,) [27]. Variations in the shape of this characteristic doublet
correspond to changes in the structure and crystallinity of kaolin group minerals [28].
Kaolin may also exhibit a weak to medium absorption feature at 446&m * (2238 nm) related to

+ (AIFe®")20H, with intensity increasing as the ferric iron content rises.

Talc belongs to the group of tri-octahedral 2:1 phyllosilicates ("9A phase"). The general compo-
sition of talc can be expressed a$isO;0M3(0OH)2, with exclusive occupancy of the M-sites by
Mg in the talc endmember and substitution of Mg by ferrous iron in minnesotaite. In pure talc, a
characteristic doublet is observed in the 2320 nm wavelength region, comprising the combination of
stretching at 3676cm 1 (2720 nm), with bending at 650cm 1 (15384 nm) and 690cm 1 (14492
nm), respectively. The resulting absorption bands are located at 2300 and 2279 nm, respectively,
overlapping with the Mg-rich endmembers of the actinolite (see gure 2.9 left) and hornblende series
due to their structural similarity. Additionally, the third major absorption band of talc at about
4200cm 1 (2380 nm) ( + (M)3OH where (M) refers to the bending of frequency515cm 1)
overlaps with Mg-rich amphiboles such as tremolite. To distinguish talc from these amphiboles, a
weak triple feature (2077/2127/2172 nm), characteristic of talc, can be utilized.

Di-octahedral 2:1 phyllosilicates ("10A phase") constitute a signi cant group encompassing white
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micas (e.g., paragonite, muscovite, phengite, celadonite) as well as smectites (e.g., montmorillonite).
The predominant absorption feature in these AIOH-bearing phyllosilicates arises from (+ Al ,OH).
Octahedral Al can undergo substitution by Fe** or Mg (R?* in Figure 2.3), and the associated
charge imbalance is compensated by the exchange of tetrahedral Al with Si.

A remarkable fact is that interlayer cations in mica (Figure 2.3) do not in uence the position of the
combination features [12]. Therefore, the di erentiation between Na-micas (e.g., paragonite) and
Na-void micas (e.g., muscovite) is not feasible with non-laboratory-based infrared spectrometers.
Smectites exhibit a similar shift in the Al-O-H absorption band, where beidellite represents the
Al-rich smectites, and montmorillonite represents the Al-poor smectites. However, smectites and
mica-like minerals with the same octahedral composition display a di erent location of the OH-
absorption bands located at shorter wavelengths (approximately 2200) for smectites and longer
wavelengths (around 2220) for illite ([29] - [12]). Therefore, in the interpretation of AIOH-bearing
samples, the mineral should be initially identi ed as mica before determining the octahedral com-
position. Another diagnostic absorption feature of white micas is situated at 425%m * (2350 nm)
(Figure 2.4), absent in smectites and thus useful for distinguishing between the two mineral groups.
This absorption feature becomes more prominent with increasing contents of ferrous iron or Mg.

Figure 2.4: The mineral space of mica-like di-octahedral 2:1 phyllosilicates ("10 A phases") is characterized
by the locations of major absorption features, with values obtained from various sources, including [30], and
content of this section. The major absorption features are highlighted in italic. Image taken from [11].

Di-octahedral 2:1 phyllosilicates, exempli ed by muscovite, di er from tri-octahedral 2:1 phyl-
losilicates (e.qg., biotite) by having a vacant third cation site. In contrast, both tri-octahedral 2:1
phyllosilicates ("10A phase") and tri-octahedral 2:1:1 phyllosilicates ("14A phase"), such as chlo-
rites, exhibit characteristic absorption features at approximately 4444cm ! (2250 nm) and 4274
cm 1(2340 nm). In chlorites, the + (Mg;Fe?"),0H (interlayer OH-related vibrations or brucite-
layer) shifts from about 2248 nm to 2261 nm from the clinochlore to the chamosite endmember,
respectively. Additionally, the + (Mg;Fe®")30H (inner OH of 2:1 talc layer) at around 2350
nm can shift based on the Mg content of chlorite. In contrast to chlorites, the shorter wavelength
feature in biotite is attributed to  + ([AIFe3*];[AIMg]),OH.
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Kaolinite, as shown in gure 2.6 (left) and gure 2.10 (left), exhibits a well-known doublet ab-
sorption near 2.2 m . Similarly, halloysite, depicted in gure 2.6 (left) and gure 2.10 (left), also
displays a similar doublet.

In halloysite, the absorption bands near 2.2m occur at nearly the same location as in kaolinite:
2.16 and 2.207m (4630 and 4531cm 1). The position of the longer band varies within the samples
measured, ranging from 2.207 to 2.206n . However, the 2.16 m band is too broad, making it
challenging to accurately de ne its band center and observe small shifts. Near 1.4n , the broad
component of the doublet absorption is shifted to around 1.390m (7190cm 1) or slightly shorter,
to 1.388 m (7205cm 1) in some halloysite samples compared to kaolinite. The other absorption
shifts shortward to between 1.414 and 1.413m (7072 and 7077cm 1). Both of these halloysite
absorptions are broader than the corresponding kaolinite bands.

The observed variation in the halloysite band positions and widths may re ect the degree of disor-
der. The degree of disorder in kaolinites has been shown to cause band shifts in this mineral. For
additional discussion, refer to [29].

lllite, as seen in gures 2.9 (right) and 2.10 (left), muscovite, depicted in gures 2.9 (right) and
2.10 (left), and montmorillonite (Figures 2.5 (left)) exhibit similar absorption bands without ne
structure.
lllite and muscovite feature additional absorption bands near 2.35 and 2.45m , which are absent
in montmorillonite. The 2.45 m (4080cm 1) absorption in illite is poorly de ned, and the shorter
band is located at 2.34m (4270cm 1). Therefore, it is possible to distinguish the three minerals
from each other. For example, montmorillonite has no 2.34 or 2.35m absorptions, illite has a
band at 2.34 m , and muscovite has one at 2.35m . However, a resolution of about 0.005m (or
better) is required to distinguish illite from muscovite.
In remote sensing, the 2.2m band is often weak, and the other absorption bands may be below
detection limits. In such cases, the three minerals cannot be reliably distinguished.
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Figure 2.5: (Left) Absorption features in montmorillonite near 2.2 m. (Right) SWIR Absorption features
in pyrophyllite, topaz, datolite and cookeite. Image taken from [31].

2.3 Sorosilicates

Of the family of sorosilicates, we can consider the epidote. The epidote series constitutes a solid solu-
tion range extending from clinozoisite CapAl 3Si3012(OH)) to pistasite (CaxF €3* Al ,Siz012(OH)).
Each OH-group in epidote is connected to two M-sites, and these sites are occupied by varying
amounts of Al and Fe3+. In the literature, two major hydroxyl bending fundamentals are situated

at 1045cm ! (9569 nm) and 975cm ! (10256 nm), respectively (for references, see [32]). The
combination of these bending fundamentals with the primary stretching vibration positioned at
3365cm 1 (nm) [33] occurs at 4410cm ! (2267 nm) and 4255cm 1 (2350 nm), respectively.

The rst overtone of the main stretching fundamental vibrations in epidote is situated around 6450
cm 1 (1550 nm). [34] utilized the wavelength position of this rst overtone ( 2 (Al;Fe3*)20H )

to make inferences about the distribution of epidote series minerals in hyperspectral drill core data
from the Eastern Gold elds. Speci cally, they distinguished between clinozoisite ( 1552 nm) and
epidote (1552 nm).

Some OH absorption bands in minerals occur at longer wavelengths. For instance, O-H absorptions
near 3450cm ! (2.9 m ) are observed in jarosite (Figure 2.6 Right panel), and at 355@m ! (2.82

m ) in tourmaline (Figure 2.7 Left). Additionally, three bands at 1.357, 1.409, and 1.548m are
likely OH overtones. Notably, the two bands at 2.254 and 2.339m (4437 and 4275cm 1) are
attributed to the combination of OH stretches with a Fe-OH bend, and they are remarkably intense
features.
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Figure 2.6: (Left) Re ectance spectra at the standard 1X resolution ranging from 0.2 to 3.0um for hectorite,
halloysite, kaolinite, chrysotile, lizardite, and antigorite. (Right) Re ectance spectra at the standard 1X
resolution ranging from 0.2 to 3.0 um for calcite, dolomite, beryl, gypsum, alunite, rectorite, and jarosite.
Image taken from [31].

2.4 Inosilicates

Amphiboles are the exclusive inosilicates considered in this document and are categorized into
various amphibole series based on internationally accepted recommendations: i) actinolite series
(e.g., tremolite, actinolite), ii) hornblende series, iii) alkali amphiboles (e.qg., riebeckite), iv) Fe-Mn-
Mg amphiboles (e.g., cummingtonite).

However, this classi cation may not always be fully applicable when interpreting SWIR absorption
features. Major SWIR absorption features of amphiboles occur in the 2320 nm and 2380 nm
wavelength region, overlapping with di- and tri-octahedral phyllosilicates containing ferric iron, as
well as talc and kaolinite.

In the actinolite (gure 2.9 left) and hornblende series, the rst main absorption feature at 4348
cm 1 (2320 nm) can be decomposed into eight bands. These bands are attributed to combinations
of hydroxyl stretching fundamentals ranging from 3673cm * (2723 nm) (Mg 30H) to 3625¢cm ?!
(2759 nm) (Fe, + 30H), with two major bending fundamentals located at 690cm ! and 650
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cm 1.

A doublet around 2320 nm can be observed, for example, in Mg-rich endmembers of the actino-
lite series, while actinolites with an intermediate Mg number exhibit a broad feature in the same
wavelength range. The second main absorption feature, located around 42@@n ' (2380 nm), is
possibly related to the combination of the main hydroxyl stretching fundamentals with a bending
vibration at 525 cm 1. The positions of these two major absorption features are primarily linked
to the abundance of Mg andF e?* occupying the M1 and M3 sites. These are the only cation sites
connected to the OH group responsible for the respective absorption bands [35].

As mentioned earlier, some minerals exhibit four bands in the OH stretching region, corresponding
to OH linked to Mg3, MgoFe, MgFe,, and Fes. In the case of tremolite, actinolite, and talc,
they all display an absorption near 1.392m (7184 cm 1), attributed to Mgs. Tremolite, being
the Mg endmember in the tremolite-ferroactinolite solid solution series, does not exhibit OH bands
involving Fe. The band around 1.398 m (7153 cm 1) is due to Mg,FeOH, and the bands near
1.404 m (7120cm 1) are associated with MgFe20OH. These samples do not contain enough iron to
prominently display the Fesz-related band, except extremely weakly, and it occurs near 1.412n
(7082cm 1.
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Figure 2.7: (Left) Re ectance spectra at the standard 1X resolution ranging from 0.2 to 3.0um for scapolite,
tourmaline, zoisite, corrensite, nontronite, vermiculite, attapulgite, and cookeite. (Right) Re ectance spectra
at the standard 1X resolution ranging from 0.2 to 3.0um for saponites, sepiolite, atrolite, analcime, and
clinoptilolite. Image taken from [31].

2.5 Carbonates

Carbonates exhibit several diagnostic absorption features in the SWIR, which undergo signi cant
changes in location and shape, primarily depending on the amount of Mg, Fe, and Mn replacing
Ca. Figure 2.8 illustrates a composition space of major carbonate minerals. The main diagnostic
absorption feature in the SWIR (3 CO 3; for a summary, see [36]) is positioned between 42%8n !
(2340 nm) and 4348cm ! (2300 nm) and displays a characteristic left-hand asymmetry (Figure
2.1), indicating a secondary, smaller feature on the short-wavelength limb, likely centered in the
2230 - 2275 nm wavelength region. With an increasing amount of Mg and Fe, thg CO 3 shifts
to shorter wavelengths ([36]). The3 CO 3 feature and its secondary associated feature can be
simulated by a mineral mixture comprising materials featuring + [Al;Fe3"] =[Mg;Fe?"]20H
(e.g., di- and tri-octahedral phyllosilicates) and + [Mg;Fe?*]30H (e.g., amphiboles).

Figure 2.1 also emphasizes two other medium to weak but diagnostic absorption features in calcite,
located at around 5025cm ! (1990 nm) and 5350cm ! (1870 nm), respectively.
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These two features always appear as pairs in carbonates and, although decreasing in intensity with
increasing Mg or Fe content, they also exhibit a blue-shift with the increasing replacement of Ca
by Mg and Fe. Due to their overlap with the major OH/ H,O feature at around 1900 nm, these
features can be obscured but prove to be very useful when the true nature of a left-hand absorption
feature in the 2340 nm region is questionable.

Figure 2.8: The composition space of major carbonates is depicted, illustrating exchange vectors that relate
end members for these minerals (modi ed after Spear, 1993).Image taken from [11].

In carbonates, the observed absorptions are attributed to the planaC Oy 2 jon. There are four
vibrational features in the free CO, 2 jon: the symmetric stretch ; = 1063 cm 1 the out-of-plan
bend , =879cm 1, the asymmetric stretch 3 = 1415cm ! and the in-plane bend 4 = 640cm 1.
Combination and overtone bands of theC O3 fundamentals occur in the short wavelength IR. The
two strongest are 1 +2 3, at 2.50-2.55 m (4000-3900cm 1) and 3 3, at 2.30-2.35 m (4350-4250
cm 1; e.g., see the calcite in Figure 2.6 right).
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Figure 2.9: (Left) Re ectance spectra at the standard 1X resolution from 0.2 to 3.0 m for talc, tremolite,
actinolite, topaz, brucite, and datolite. (Right) Re ectance spectra at the standard 1X resolution from 0.2 to
3.0 m for phlogopite, biotite, pyrophyllite, muscovite, epidote, and illite. Image taken from [31].

2.6 Sulfates

The main diagnostic absorption feature of sulfates that does not overlap with SWIR functional
groups of other major rock-forming minerals is located in the 574&m ! (1740 nm) region in
the case of gypsum and alunites, and in the 5406m * (1850 nm) region in the case of jarosite.
Absorption features overlapping with SWIR functional groups of other minerals are the S-O related
ones located at around 2170, 2220, and 2280 nm [37], and overtones and combinations related to
Fe-O-H at 1480 nm and 2250 nm. Similar to other mineral groups, the wavelengths of these features
can shift considerably across the SWIR, depending on their composition.

An example of sulfates is Alunite. Alunite (Figure 2.6 right) has two widely separated OH
stretching frequencies, 3488m ! (2.87 m ) and 3513cm ! (2.85 m ). Although the fundamentals
are not fully resolved in Figure 2.6 right, a characteristic doublet is shown in the 1.4m overtone
(7100cm 1) region. Absorptions in the spectrum of alunite from 1.7 to 2.6 m (5900-3800cm 1)
are combinations with bending (librational) and translational modes with the OH stretches. These
bands do not show the ne structure of the 1.4 m complex because the libration and translation
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bands have a greater width than the OH stretches. [16] assigned the 1.7% absorption (5650cm 1)
to a combination comprised of the second overtone of the Al-OH bend,aon , Whose fundamental
vibrations occurs near 1050cm ! (9.5 m ), plus the OH stretch ( o). While the computation
gives reasonable agreement with the observed 1.7 position, the assignment is not consistent
with all Al-OH-bearing minerals; only sulfates show a band in this region. [16] also assigned the
2.17 m (4610cm 1) absorption to the OH stretch plus the Al-OH bend and the 1.0 m (10000
cm 1) band to the third overtone of the OH stretch. However, the 1.0 m band is too wide for a
stretch overtone. It has the shape and width appropriate to be a combination o2 oy +2 ai0H -

Jarosite and alunite have an overtone OH stretch near 1.475m. In jarosite, the OH stretch
fundamentals occur at 3430, 3355, and 3266m ! (2.915, 2.981, 3.067m ). The 3355cm 1 band
appears the strongest, and O-H librations occur at 790 and 51ém ! (12.6 and 19.5m ). The 2.27
m (4400 cm 1) band in jarosite (Figure 2.10 right) is due to a combination of OH stretch and
Fe-OH bend. In jarosite (Figure 2.10 right) and alunite (Figure 2.11 right), the bands do not show
as much ne structure as does scapolite.

Figure 2.10: (Right) Absorption features that are relatively sharp and near 2.2 m. (Left) Absorption
features just short of 2.3 m. Image taken from [31].
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Figure 2.11: Absorption features showing complex structures just about 2.3m. Image taken from [31].
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Chapter 3

Experimental Equipment and Software
Tools

3.1 PRISMA

The PRecursore IperSpettrale della Missione Applicativa (PRISMA) mission consists in a Hyper-
spectral satellite that has the goal to perform Earth Observations (EO) in 239 di erent bands from
400 nm to 2500 nm.

Until now remote sensing from satellite has been performed in this spectral range with high geo-
metrical resolution satellites (working in the visible range to maintain high the signal to noise ratio)
and multispectral satellite (working with fewer bands from visible to short wavelength infrared like
Sentinel 2, 13 bands, and Landsat 8, 11 bands with 2 that are in Thermal Infrared).

Hyperspectral imaging is a technology which has recently been developing from satellite for EO.
This is due to multiple reasons that make the acquisition of hyperspectral data from satellite prob-
lematic for this application, as we are going to explain.

The main geology objective of EO is monitoring hazards and changes of the climate, water, soil and
geology in the world. To reach this goal, a certain resolution of the pixel of the detector projected to
the source is required. This resolution changes based on the source that the satellite has to analyze,
for example it is a severe constraint to analyze severity map of hazards ( ooded areas or re events),
or areas that are subjected to important changes (weed invasion, urban development, volcanic erup-
tion). Instead, for what concerns air quality, the geometrical resolution is not so important because
gas tend to spread quickly in the medium, di erently from the other source discussed above.
Besides the geometrical resolution, it is also important to consider the operative spectral range of
the instrument and the spectral resolution. For some analysis the visible spectrum is not enough to
establish an e ective monitoring on EO, for example to evaluate moisture and hotspots of a source
a true-color image could not be the best imaging to conduct the analysis, as these regions of interest
(ROI) are not a ected by a change of color. To perform this kind of analysis, it is better to move
the operative window of the detector to lower energies, like infrared, in order to distinguish the ROI
from the background.

The shift to lower energies consequently involves a loss of signal to noise ratio (SNR) which must
therefore be compensated by increasing the projection of the pixel on the ground (satellite image
downgrade).
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Some sources also need a high spectral resolution to perform analysis. In the case of Air Quality,
gas may have no color or particular temperature in respect to the background, so to identify a gas
in the atmosphere from another, it is necessary to resolve the rotovibrational spectral lines of a
particular gas in respect to its background. To accomplish this, a downgrade of the image occurs
as fewer photons are available for each channel, so again to maintain a high SNR it is necessary to
enlarge the pixel projection on the ground. The ner is the sampling, the more it will be necessary
to increase the size of the pixels that will build the satellite image.

In image 3.1 is reported an overview of band distribution and bandwidth of satellites that are repre-
sentative of their class (very high geometrical resolution with broad bands in the visible, or satellites
with very high spectral resolution with spectrometers mounted onboard).

Figure 3.1: Inthis gure itis possible to see an overview of band distribution and bandwidth of a very high
geometrical resolution satellite (KOMPSAT 3), a typical multispectral satellite (Sentinel 2), a hyperspectral
satellite (PRISMA) and a satellite with very high spectral resolution (Sentinel 5P).

With these concepts in mind, it is possible to understand vantages and disvantages between
multispectral and hyperspectral imaging and what kinds of requirements are needed to analyze a
certain source.

In case the boundary of an area is to be drawn (e.g. due to res or invasive vegetation) and colors
in visible range are su cient to distinguish ROI from the background, the optimal detector for this
source is a camera with only three broad channels centered on the red, green and blue bands (this
is an RGB image).

For example the satellite Korean Multi-Purpose Satellite 3 (KOMPSAT 3) [38] has a geometrical
resolution of 0.55 m for a panchromatic image (an image produced with only one band from 450-900
nm) and 2.8 m for the following bands: blue (450 nm - 520 nm), green (520 nm - 600 nm), red(630
nm - 690 nm) and near-infrared (NIR) (760 nm - 900 nm). KOMPSAT 3 is a perfect example of
a multispectral satellite, it has an optimal spatial resolution but to accomplish this result it has
radiometrically broad bands so with a low spectral resolution.
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Sentinel 5P is instead a classic example of a satellite with a relatively very high spectral resolu-
tion. It has a spectrometer mounted onboard that works with a spectral resolution of 0.25 nm in
ultraviolet-visible range from 270 to 495 nm, near-infrared range from 675 to 775 nm and short
wavelength infrared range from 2305 to 2385 nm but, to reach this ne sampling of the bands, the
geometrical resolution is very low, the satellite image is composed of pixels that are larger than
3000 m.

A satellite like KOMPSAT 3 could be perfect to de ne boundaries of a vegetation cover in a very
di erent colored background (like bushes in a desert), while Sentinel 5P is optimal to perform air
quality (like the identi cation of methane emissions in the air).

PRISMA satellite is located in the middle of these two extremes : it has a geometrical resolution of
30 m and a spectral resolution of 9 nm but acquires without any gap (except the windows given by
the atmospheric presence between the source and the detector) the electromagnetic spectrum from
visible to short wavelength infrared, so it is perfect to extract spectral signatures of sources that do
not require a spectral resolution inferior to the 9 nm of sampling.

Rocks are the optimal target because di erently from gas there are no rotational line (a resolution of
9 nm is enough), they do not spread quickly in their background (a resolution of 30 m is good while
3000 m could be insu cient for the localization of the target) and have overtones and combination
bands that, as described in section 2, promote to higher energy their characteristics signal in spectral
signatures given by the interactions of photons with phonons (analyzing the SWIR range is enough).

To discuss in quantitative terms the compromise between spatial and spectral resolution of the
satellite, which represents a key aspect of the spectroscopic apparatus, we decided to show part
of the results of another contribution, present in the bibliography as [39]. The part of the article
that interests us estimates the information content of a hyperspectral image of the AVIRIS mission
(explained in the 1.10 section) in terms of Shannon entropy [40].

Given a particular con guration of spatial and spectral resolution, the entropy of an image provides
the average amount of information this apparatus has for that scene. However, since the underlying
probability distribution of hyperspectral images is unknown, we cannot calculate the entropy using
a closed-form expression and are faced with a multidimensional estimation problem.

One of the possible entropy estimation methods is based on the assumption that the data is dis-
tributed as a multidimensional Gaussian.

Assuming a functional model of the data distribution always implies an error in the results. We
are mainly only taking second-order relations into account, and thus discarding any higher-order
terms. Since multidimensional probability estimation is a di cult problem, assuming this model,
we greatly simplify the calculation. Furthermore, although the images are not distributed as mul-
tidimensional Gaussians, the assumption is not entirely unrealistic [41]. In reality, the error caused
by ignoring higher-order relations in natural images is usually not very large [42].

Given a hyperspectral image in matrix form X, the expression of the entropy of a multidimensional
Gaussian distribution (h(X)) is the following:

h(X) = g(1+ln(2 ) + %Inj j (3.2)

where d is the number of dimensions and | is the determinant of the covariance matrix.
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Figure 3.2 shows a matrix where each element represents the estimated Gaussian entropy of the
AVIRIS con guration (224 bands of 10 nm width with central wavelengths from 400 to 2500 nm)
for a speci c spatial resolution and spectral resolution.

Figure 3.2: Estimation of entropy in AVIRIS using the Gaussian model: (a) Entropy for di erent spatial
and spectral resolution con gurations. Entropy values are logarithmic scaled for display purposes. (b)
Entropy for a xed number of coe cients (selected diagonals of the entropy matrix). Image taken from [39].

Note that the error in this measure is determined by the error in the estimation of the covariance
matrix, which is not critical when a large number of samples are available.

The Satellite

In this section is described the technical sheet of the PRISMA mission.

PRISMA is a hyperspectral satellite (launched on 229 March 2019 and should last ve years) that
analyze planet Earth in a spectral range from visible (406 nm) to short wavelength infrared (2497
nm) with a spectral resolution of 9 nm, resulting in 239 di erent channels of acquisition (as we
can see in the next subsection, the name of the satellite is based from the fact that the incoming
re ected sunlight is di racted by a prism that subdivide the beam in 239 di erent signals).

From the fact that is not a constellation, that means a group of satellites built in the same way
and with the same mission, (this will change in near future with the next mission PRISMA2G as
described in subsection 1.10 that will work together with PRISMA) its revisit time (that means the
time that elapses from an acquisition on a certain area of the globe before the satellite is ready to
reacquire the same area along its orbit) is relatively low (less than 7 days, depending on the zone
that is covered during the orbit of the satellite).

The satellite travels around earth in a Low Earth Orbit (LEO) at a distance of 615 km from the
planet. Its repeat cycle, which is the time it takes for the satellite to restart its cycle of observations
of the earth by nding itself in its initial position, is 29 days after traveling 430 orbits.The time of
acquisition of a single satellite image is about 4.31 s and its processing time is about 39 minutes
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(this time can vary deeply based on the level of data processing described in subsection 3.1). The
dimension of the projection on the ground of a single acquisition of the satellite (that is called
footprint) is about 30 30 km (this is the size of all PRISMA images analyzed in this work and
the size of a single pixel that compose these images38® 30 m).

Payload

In this subsection it is described the payload of PRISMA satellite, its sketches and modules.

In gure 3.3 we can see the sketch of the payload of the satellite that consists in: telescope (with the
three mirror anastigmatat con guration of gure 3.4 to avoid any optical aberration), a beam splitter
(that makes an in- eld separation of the light of the source to separate the signal detected from the
panchromatic camera from the signal intended for the VNIR and SWIR detector), a panchromatic
camera (used for alignment and georeferencing of the PRISMA acquisition, this single channel that
cover the visible spectral range from 400 to 700 nm has a geometrical resolution of 5 m), a dichroic
beam splitter (that separates the visible-near infrared component from the short wavelength infrared
component), the detector in the VNIR spectral range (60 bands in the spectral range from 400 to
936 nm) and the detector of the SWIR spectral range (172 bands in the spectral range from 936 to
2498 nm).

Figure 3.3: PRISMA sketch: sunlight re ected from earth goes in the telescope, su ers an in- eld separation
making one part of the beam to be analyzed from the panchromatic camera, the other part experiment another
separation but this time in the spectral component due to a dichroic beam splitter, the visible near infrared
component pass through the dichroic beam splitter and is directed to the VNIR detector (VNIR hypercube),
the short wavelength part of radiation is separated from the VNIR component and is analyzed by the SWIR
detector (SWIR hypercube).

In gure 3.4 it is shown in the three mirror anastigmatat con guration.
This con guration allow minimizing all three main optical aberrations (spherical aberration, coma,
and astigmatism) in the satellite image (in this way there is no need to consider these aberrations
during the data processing corrections).
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Figure 3.4: The three mirror anastigmatat con guration mounted onboard on the PRISMA mission. The
Dark Yellow solid line simulates a ray of the source that is guided to the slit of the system by using three
aspherical mirrors indicated as M1, M2 and M3 in the gure. In this gure are also present the two folding
mirrors FM1 and FM2 that guide the ray to the detectors, as showed in the next gure. (Inspired from image:
Selex ES).

In gure 3.5 it is possible to observe in detail the structure of rays, from the slit of entrance to

the detectors.
As said before, the spectrometer of PRISMA is separated in two di erent detectors, one is for the

visible-near infrared spectral range and the other is in short wavelength infrared spectral range.
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Figure 3.5: Sketch of the structure of rays from the slit of entrance of the telescope to the VNIR and SWIR
hypercubes.(Inspired from image: Selex ES)

The SWIR detector mounted onboard on the PRISMA satellite is a HgCdTe called Saturn and
provided by Sofradir technologies (France). Saturn has a length of 30 mm, and includes 256 lines of
1000 pixels at 30um pitch. A di erent gain is applied to each line, making this detector especially
adapted to spectroscopy and hyperspectral imaging, in addition, a complementary technological
process allows it to extend the responsivity down to the visible spectrum.

The VNIR detector is constituted by a Saturn VNIR detector with 256 lines of 1000 pixels at
30 um pitch and a usable spectral band of 0.4 to 1.1 m. This detector was realized by Sofradir by
using the Cadmium Zinc Telluride (CZT) to obtain the sensitivity in the visible spectral range.

The last module that is treated in this subsection is the Internal Calibration Unit (ICU).
The in-ight ICU (Internal Calibration Unit) is designed to allow the support of absolute and rel-
ative radiometric calibrations and spectral calibrations. The ICU utilizes an optical path to image
the sunlight through a dedicated solar entrance port, seen during the calibration activity by the
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primary mirror of the telescope. The calibration unit consists of a solar port cover mechanism,
Iters and spectral lamps. Dark calibration is implemented by a lightweight shutter placed in front
of the optical slit.

The ICU input spectral radiance for calibration is generated by the Sun (ICls mode) or by Internal
Sources (ICUs mode), through a dedicated optical path. The objective of the ICU is the illumina-
tion of the whole instrument pupil and eld of view by the reference radiation passing through the
same optical path of the Earth-observed signal: in fact a calibration dedicated optical path (both
for the sun and for the internal sources) is realized to impinge the back surface of the main port
cover. This is provided with a metallic di user, that allows a stationary illumination directly on
the telescope primary mirror, lling the whole entrance pupil of the telescope.

Dark frames are periodically acquired by closing the shutter located at the spectrometer entrance
slit, allowing the o set background subtraction from the ICU internal sources.

- ICUs mode: During sun calibration, the sun port cover shall be opened for the time strictly
needed to perform the acquisition. The solar radiation enters into the instrument through the sun
port, passes a transmission di user and then, by means of a at folding mirror, a dedicated relay
optics and the Sun Beam Splitter (optimized to maximize the radiance from the lamp sources), it
is redirected towards the internal (back) surface of the main port cover shown in g 3.6.

Figure 3.6: Sketch of the ICU in Sun calibration mode.(Inspired from image: Selex ES)

- ICU|s mode: ICU unit is provided by radiance calibrated tungsten lamps positioned in ded-
icated re ecting lamp-housings. The lamp-house aperture supports a transmittance lter having
calibrated spectral signatures. The internal calibration sources are composed by two equal groups
(main and redundant) of a couple of lamps: one lamp for VNIR and the other for the SWIR channel.
The VNIR and SWIR lamps di er on the Iter spectral features and on the lamp-housing coating.
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Figure 3.7: Sketch of the ICU in Internal Source calibration mode.(Inspired from image: Selex ES).

Data Processing

Now that we have de ned modules and functions of the satellite, we have to describe the level data

processing of the satellite data that are used in this work.

The level data processing represent the degree of corrections that were performed on the raw data
before it was delivered (for example the level LO is the lowest degree of corrections that represent
the raw data while level L2D is the maximum degree of corrections on the raw data with orthorec-

ti cation, georeferencing etc.).

LO Level Data Processing

The LO processor is tasked with generating multiple LOa les based on the contents of the input
Decyphered Data File. The Cloud-Coverage percentage is calculated for LOa Earth-Observation
les and integrated into the Catalog Metadata of the corresponding LOa le. In addition to the LOa
products, the LO processor is con gured to create a LIST le and a Screening Report le. For each
le designated for archiving, speci ¢ Catalog Metadata is generated. This section o ers an overview
of the produced items. Figure 33 illustrates a block diagram of the LO Processing scheme:
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Figure 3.8: Level LO data processing work ow. Taken from PRISMA Products Speci cation Document
Issue 2.3 Date 12/03/2020

L1 Level Data Processing

The L1 Processor receives, as input, the list of LOa data les for a speci c type of Scene Of Inter-
est (SOI), including ve les containing the Key Data Parameters (KDP) such as In-Flight Data
Parameters (FKDP), Ground Key Data Parameters (GKDP), Characterization Data Parameter
(CDP, which are parameters triggerable by an expert user and necessary for processing, such as the
number of bands to be used, thresholds for KDP, etc.), and Internal Calibration Unit Key Data
Parameters (ICU-KDP) les. Additionally, a set of Auxiliary Data Files is obtained from the Image
Data Handling Segment (IDHS) archive.

There are up to 6 di erent types of SOI, two belonging to the class SOI-A (Earth Observation)
and ve belonging to the class SOI-B (satellite calibration):
- SOI-A-1: Earth Observation;
- SOI-A-2: Earth Observation Cal-Val,
- SOI-B-1: Internal Calibration Cal-Val;
- SOI-B-2: Sun Calibration;
- SOI-B-3: Moon Calibration;
- SOI-B-4: Flat Field Calibration.

Each type of SOl is always associated with the updating of a sub-set of FKDP parameters typical of
the current instance: if the updated FKDP parameters are noticeably di erent with respect to the
input ones, L1 processing can produce a new FKDP updated le, to be sent to the IDHS archive.
SOI-A classes are also associated with the generation of the L1 Earth Observation radiance le.
The L1 Earth Observation Product contains four layers of data, each referring to a speci ¢ type of
data, and a fth layer collecting the information extracted from the Header Packets of the LOa les.
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FrameBuilder is the rst algorithm of the processor according to which the incoming SOI LOa
les are transformed into two lists of Cubes: one for SWIR+VNIR channel, the other one for the
PAN channel. Each cube contains a list of frames, ordered according to UTC Time, of the same
Sub-Acquisition Type. In the case of HYPER (VNIR+SWIR) channel, the cube has the following
axis-meaning: the x axis is aligned with the spectral direction (Band), the y axis is the across track
direction (Sample) and the z axis is the along track direction (Line/Frames).

Each (y,z) plane represents a monochromatic image, while each (x,y) plane represents a Frame
(which, sliding along the z axis, creates the Raster).

In the case of PAN channel, the image (the spectral direction is absent) has the following axis-
meaning: the x axis is the across track direction (Sample), the y axis is aligned with the along track
direction (Line).

The KDP Updating basically consists of the following algorithms:
- Dark Updating (performed for each type of SOI);
- Background Updating (performed for each type of SOI);
- Lamp Updating (performed for each type of SOI);
- Lamp Linearity Updating (performed only in case of SOI-B-1);
- Sun Updating (performed only in case of SOI-B-2);
- Moon Updating (performed only in case of SOI-B-3);
- Flat Field Special Updating (performed only in case of SOI-B-4).

In the Earth Observation Processing, that means only for SOI-A, the algorithms are designed
to handle the following main steps:
- Radiance Generation: This step involves processing the cubes created by the FrameBuilder of
Surface-Obs sub-acquisition type, utilizing the Key Data Parameters to convert the Digital Num-
bers of LOa Packets into Spectral Radiance.
- Coregistration: The Coregistration algorithm takes the Radiance cubes from both HYPER (VNIR+SWIR)
and PAN channels, produced in the previous steps, and generates two new cubes for HYPER and
PAN Surface-Obs. These new cubes incorporate spatial coregistration, aligning SWIR and PAN
channels with respect to the VNIR channel.
- Mask Generation: This algorithm serves the purpose of generating masks for Cloud Coverage, Sun
Glint, and Generic Land Cover. These masks provide valuable information for subsequent analysis.
- End User Binning: This step is executed only in the case of SOI-A-1, where user-de ned processing
is required. For SOI-A-2, which is an automatic processing scenario, this step is skipped. The End
User Binning process involves binning data in spatial and/or spectral dimensions based on input
parameters set by the user.

The L1 Earth Observation Product comprises four types of data organized into four layers:
- Radiometrically Calibrated HYPER and PAN Surface-Obs cubes: These are produced by the
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Radiance Generation step, providing calibrated spectral radiance information.

- Coregistered HYPER and PAN Surface-Obs cubes: Generated by the Coregistration algorithm,
these cubes incorporate spatial coregistration, aligning SWIR and VNIR channels with respect to
the PAN channel.

- Cloud Coverage, Sun Glint, and Generic Land Cover masks: These masks are generated in the
Mask Generation step, providing valuable information about cloud coverage, sun glint, and land
cover.

The architecture diagram of the L1 Processing is depicted below:

Figure 3.9: Architecture of the PRISMA Level 1 Earth Observation Products.Taken from PRISMA Products
Speci cation Document Issue 2.3 Date 12/03/2020

L2 Level Data Processing

The Level 2 processing is responsible for converting measurements of Top-of-Atmosphere spectral
radiance into geophysical parameters. These parameters are dependent on the observed pixels and
o er insights into:

- The atmosphere-surface radiance/re ectance;
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- The properties of the atmosphere above the surface (Aerosol Optical Thickness, Water Vapor and
Cloud Optical Thickness).

The steps involved in converting Top-of-Atmosphere spectral radiance (Level 1) to Bottom-of-
Atmosphere (Level 2c) are commonly referred to as atmospheric correction.
The transition to Level 2d, a stage involving the assignment of geographical coordinates, is known
as geocoding.
The block diagram detailing the processes of Level 2 is provided below:

Figure 3.10: Level L2 data processing work ow.Taken from PRISMA Products Speci cation Document
Issue 2.3 Date 12/03/2020

As we will describe in subsection 3.3, | used the EnMAP Toolbox software to transform the
PRISMA hierarchical le in a raster within the Geographical Informatic System (GIS), this software
requires only PRISMA L2D le in input so all PRISMA images that are present in this work are
level 2D.

3.2 Laboratory Spectometer

Fourier Transform Infrared (FTIR) spectroscopy relies on the concept of interference between two
optical beams that travel along paths of di erent lengths. Such interference is then measured as a
function of the beams path di erence (the interferogram) and via Fourier Transform the spectrum
(i.e., the intensity as a function of frequency) is retrieved.

The Michelson interferometer can be thought as the prototypical setup for FTIR: it comprises a beam
splitter and two mirrors, one xed and another capable of moving back and forth, as shown in gure
3.11. The light from an IR source is split into two orthogonal beams by the beam splitter. The beam
splitter, indeed, partially transmits the light toward the xed mirror and patrtially re ects it toward

the moving mirror. The two beams are then re ected by the two mirrors and are superimposed at
the beam splitter position, generating an interference pattern. The intensity | (), collected by the
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detector, is a function of the path length di erence ( ) that is determined by the di erent distances
at which the two re ecting mirrors are positioned with respect to the beam splitter.
To better explain the working principle of a Michelson interferometer, one can start by considering
the case of a monochromatic source and evaluate the interference patterns as a function of the
beams path di erence .
If the distance traveled by the two beams is identical, then = 0 (zero path di erence). In this
con guration, the two beams are in phase when they recombine: they constructively interfere, and
the amplitude of the nal beam is the sum of the individual amplitudes. These two beams will be in
phase with each other whenever their optical path di erence is a multiple of the wavelength =n ,
with any integer value n.
Contrarily, if =(n+ % ), the two beams are out of phase and undergo a destructive interference,
i.e., the amplitude of the resulting beam is zero. By moving the mirror, there is thus a large change
in the intensity of the beam leaving the interferometer, and the intensity passes through maxima
and minima (as depicted in gure 3.12). The interferogram is the plot of light intensity versus
optical path di erence (an example is shown in gure 3.13 left panel).
To get the relation between the interferogram and the spectrum, we can start writing the Fourier
Transform of the electric eld incident on the beam splitter
1 Z 1 1o
E(ri)= ) B(!)z2€e(t ar)q (3.2)

We have assumed thatE (r;t) has a periodic time dependence. The average intensity at the
beam splitter after the two beams are re ected from the mirrors is

Z+T:2 . . 2
I(r;t):i E(r;t+ )+E(r,t) dt
8t 1o 2 2

(3.3)

where is the time di erence accumulated due to the beams path di erence, and T is the period
of time varying electric elds. Employing the expression ofE (r;t) (eq. 3.2) into the eq. (3.3), we

get: 5 . Z ..
()= 5+ 1527 ) B(!)cog! )dt (3.4)
where
o LaT=
lo= g— . E(r;t) E (r;t)dt (3.5)

The spectrum can be now obtained by computing the Fourier transform of the interferogram
I ( )(eq(3:4)) as following

32T lo i
B(!)= I — e d 3.6
== 1) e (3.6)
In the real case, it is not possible to integrate over the whole rangel ;1 ) as the maximum
time delay between the two beams depends on the maximum displacement of the mirror (L). By

using o = 2L=c as the maximum time delay, we can rewrite eq.(3.6) as the following:
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Z,,
32CT 1() '50 e d (3.7)

0

Br(!)=

B, (! ) is thus the expression of the real spectrum. If we de ne:

_ 32T lo

c()=~"10) 3 (38)

the eq. (3.7) can be rewritten simply as:

Z .
B/(!)= 32CT C()e" d (3.9)
In the case of a delta like spectrumB(!) = Bg (! I 0), we obtain from eq. (3.9) that
C( )= Coe'° , with Cog= Bo=2 . The real spectrum becomes:
zZ, N
B/(!)= Co e i o) g :ZCOM (3.10)
0 (! ! 0) 0

The nite displacement of the mirror broadens, thus, the line shape of an in nitely narrow peak.
The width ( !) of the peak will be approximately 1=2L. The theoretical resolution power of the
interferometer can be thus de ned as:

—au (3.11)

Hence, the resolution power is directly proportional to the maximum displacement of the mirror
(L) and the frequency (! ).

Fig. 3.14 depicts the commercial IR spectrometer employed in the experiments, the Bruker Vertex
70v. The spectrometer was equipped with a blackbody source, with the maximum intensity peak
in the mid-IR spectral region (2-20 m). The detector employed is a Mercury Cadmium Telluride
(HgCdTe) which is a photovoltaic detector. The working principle is that when an IR photon

is absorbed, an electron moves from the valence band to the conduction band. The electrons in
the conduction band generate an electrical current proportional to the IR light intensity. HgCdTe
detector is cooled down to 77 K to avoid excitation of electrons by thermal motion, which results

in a noisy signal.

Figure 3.11: Sketch of the Michelson interferometer [43].
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Figure 3.12: The beam re ected by the xed mirror (solid line) and the one re ected by the moving mirror
(dotted line) at the beam splitter position with optical path dierence (a) = 0 Zero Path Dierence, (b)

=1=2 ,and (c) = n . (right) The corresponding constructive (top and bottom) and destructive (middle)
interference patterns [44].

Figure 3.13: (left) Typical interferogram of a blackbody-type source. (right) The spectrum obtained via
Fourier Transform of the interferogram [43].

Figure 3.14: a) Picture of the interferometer Bruker 70v employed in the experiments. b) The corresponding
optical scheme.

From the fact that all spectral signatures of this work extracted in laboratory come from solid
rocky samples, the mode used in this thesis is always the Re ection mode and not the transmission
mode (see gure 3.15).
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Figure 3.15: Cassegrain objectives for FTIR microscopy. a) Transmission mode: two faced Cassegrain
optics are used as focusing condenser and collecting objective. b) Re ection mode: only one objective is used

for both sample illumination and re ected light collection.

In g 3.16 we can see a collection of spectra extracted from samples inserted in the FTIR during

the doctoral activity.
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3.3 Softwares

This section describes the software used to manage satellite, terrestrial and laboratory data of the
work.

QGIS

The software used to analyze satellite images in the GIS environment is QGIS. This software is
also used to perform mathematical operations in all pixels of the raster (like the application of the

discrete derivative algorithm in subsection 4.2).

In Figure 3.17 is shown the graphical user interface of a project opened in the QGIS environment.

Figure 3.17: An example of the interface of the QGIS program, in this case we can see how it is managed
the data of a project inside the program: on the left there are the layers that can be activated on the general
raster of "Google Hybrid satellite image" on the right.

To import in this environment the hypercubes of PRISMA (provided by ASI from their web-
site) | used the plugin EnNMAP toolbox that is a plugin of the GIS environment developed by GFZ
(Deutsches Geoforschungszentrum, science lead).

In Figure 3.18 is shown the graphical user interface of the Lipari and Elba island project (section
4.3) in the EnMAP Toolbox plugin.
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Figure 3.18: An example of the interface of the EnMAP Toolbox plugin, in this case we can see how it is
managed the data of the Lipari and Elba island project (section 4.3) inside the plugin: on the left there are

the layers that can be activated in the same way of Fig 3.17. In the center it is possible to see the PRISMA
satellite raster image (top panel) and the spectral signature of pixel (or pixels) of the raster in the graphical

form of Re ectance vs wavelength and in the column data of X [Wavelength] and Y [Pixel PRISMA value

(ADC counter)].

IGOR

Details of spectral signatures used in this work are analyzed by the IGOR software of Wavemetric
inc. This software is also used to perform plots and mathematical operations on spectral features
collected manually from the raster.

Figure 3.19: An example of the interface of the IGOR program, in this case we can see how it is managed
the data of volcanic rocks analyzed with the FTIR and the satellite PRISMA data of the same locations of
the samples.

To reshape text data of the PRISMA satellite in a format compatible with the IGOR software,
the python programming and Microsoft O ce excel are used.
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IRIS

In some projects of this document (like the case of study of Appia Antica park of section 4.7) a
change detection between the Structure Similarity Index Measure (SSIM) of two di erent images
is performed. To accomplish this goal, the IRIS software (developed by NHAZCA srl.) is used.
In image 3.20 it is shown the interface of IRIS software. For what concerns the input and output
images obtained with this software, it is discussed in details in section 4.7

Figure 3.20: An example of the interface of the IRIS software, in this case it is shown a false-color image
of Codigoro (Ravenna, Italy) loaded as Master image.

Xeneth

Infrared cameras used in section A are controlled by the o cial software of Xenics industry: Xeneth.
In image 3.21 it is possible to see an example of the interface of the software.

Figure 3.21: An example of the interface of Xeneth64 (the version of Xeneth at 64 bhit for Windows 10
and above) during an acquisition of the Long Wavelength Infrared camera Gobi, the image (on the left) is
in false-color and it is possible to change all settings of acquisition (in the center) and the sliders of the
chromatic color bar (on the right).
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Chapter 4

Image Analysis

This chapter shows the database of the work and their analysis. Seven di erent case of studies are
considered, each one progress and improvements during the development of the thesis.

The last case of studies (section 4.7) is an exception which does not concern the main topic of the
thesis (analysis of vibrational features in the shortwave infrared from a satellite) but rather carries
out a hyperspectral analysis from a satellite in another electromagnetic range (the visible - near
infrared). Since this experiment led to mostly satisfactory results, it was reported as an additional
result of the hyperspectral analyses contained in this thesis.

4.1 Air Quality (Malagrotta rubbish dump)

This rst case represents the only one in which PRISMA satellite proved unable to achieve a correct
analysis, but we describe it nevertheless, because it is instructive to understand the huge di erence
between gas-phase spectroscopy and solid-state spectroscopy. This is due to the relative low spectral
resolution of the satellite which is unable to resolve the roto-vibrational line of the gasses (except
rare cases [45] in which the concentration of methane within the atmospheric column is so high that
the signal-to-noise ratio remains high).

A satellite that performs better concerning the analysis of air quality is Sentinel 5P with its TRO-
POspheric Monitoring Instrument (TROPOMI) detector that consists of a spectrometer with a
spectral resolution of 0.25 nm and 5 km of spatial resolution to collect enough photons for this
relatively high spectral resolution.

Each pixel of the satellite image is about 5 km projected on the ground, but this is not a problem for
atmospheric studies because gases have a high di usion in their medium (the atmosphere). As we
will see in the next subsection this is unacceptable for mineral mapping (rocks do not di use with
the high rapidity of gas and could be localized on the ground) but with a better spatial resolution
(30 m for the PRISMA satellite) it is necessary to have a worse spectral resolution (9 nm as we
have said before). This is not a problem as rocks do not experiment rotational bands like gases and
for this work we only need to analyze the overtones and the combination bands of the vibrational
lines.

In gure 4.1 it is possible to see the spectrum of methane gas included in the HITRAN database.
The cyan rectangles represent the broadness of a single PRISMA channel, which emphasizes how
dicult it is to perform a classi cation with broad spectral bands that necessarily goes to mix
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contributions due to land Il gas with bands that do not show this contribution.

Figure 4.1: Spectral signature of a sample of methane gas from the HITRAN database. Cyan rectangle
represents the broadness of a PRISMA channel, in the gure we have drawn the channel 206 and 207 of the
satellite centered respectively at 2225 and 2230 nm

4.2 Moraines/Glaciers (Gran Paradiso)

The Gran Paradiso massif is a mountain massif in the Western Alps located entirely in the Italian
territory, between Valle d'Aosta and Piemonte. The case study is chosen for the high lithological
uniformity: gneiss, a metamorphic rock, dominates the lithological map in Figure 4.3c (dark red
color areas) with some amphiboles, like serpentinite (green color areas in Figure 4.3c). A legend of
these colors is present on gure 4.3c-a (top right corner of gure 4.3).

In this work, we have developed a mathematical algorithm that calculates the discrete derivative in

a Geographic Information System (GIS) environment. The Discrete Derivative Algorithm (DDA)

is applied to each spectrum, in a given datacube, twice: once on the descending slope of a known
vibrational spectral line in the re ectance spectrum of gneiss, centered at 2222 nm, formed by 10
subsequent channels starting at 2151 nm (see Figure 4.2), and once on the ascending slope of the
same line (9 re ectance data points starting at 2222 nm). The sum of the absolute value of the two
derivatives, obtained from a total of 18 channels, is then combined in a vibrational line intensity
score, which is then plotted in the map of Figure 4.3e.
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