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Abstract

Raman spectroscopy (RS) is an analytical technique conveying material-specific information
about a material’s molecular vibrations and crystal structure in succession of an optical exci-
tation of the material. Due to the fact that mineralogical as well as biological material can be
examined, RS is of special interest for space research. For instance, two Mars rovers (ExoMars
and Mars 2020) will each carry along a Raman spectrometer in the year 2020, with the aim of
detecting inter alia traces of extant or extinct extraterrestrial life.

One of the biggest challenges in conventional RS is the characterization of strongly luminescent
biological or mineralogical material; therefore, the dissertation at hand deals with the problem
of luminescence in RS. For this purpose, the potential of five different Raman spectroscopic
techniques for the handling of luminescence will be evaluated. These techniques include (i) the
selection of different excitation wavelengths (325 nm, 532 nm, 785 nm and 1064 nm), (ii) the
photobleaching, (iii) the anti-Stokes RS, (iv) the application of two slightly shifted excitation
wavelengths (SERDS; Shifted Excitation Raman Difference Spectroscopy) and (v) the time-
resolved RS.

The usage of different excitation wavelengths is based on the concept of the spectral separation
of the luminescence signals as well as Raman signals. According to material composition, a
short or longwave excitation could be advantageous. Thus, the excitation at 1064 nm in general
simplifies the identification of biological samples, whereas, a shortwave excitation (532 nm) for
minerals often leads to applicable results. Although this method delivers promising results,
the implementation on a rover or a lander presents a challenge due to the high complexity of
the setup as well as the relatively long period of data acquisition. Photobleaching provides
an alternative whereby the luminescence is suppressed by long exposure. Due to the fact that
the excitation laser also functions as the light source simultaneously, an additional technical
effort for implementation is not to be expected. However, for biological material this method
is inappropriate because a tenacious light exposure would lead to a significant degradation
of the sample. A further method for the spectral separation of Raman photons as well as
luminescence photons is provided by the anti-Stokes RS. In this thesis the needed occupation
of higher vibrational levels of the ground state is realized through thermal excitation by means
of a heating plate. However, the process of heating biological samples results in degradation
processes, so that the anti-Stokes RS does not indicate any improvement of the Raman signals.
According to the SERDS technique the suppression or prevention of luminescence during the
process of data acquisition is not very expedient. Based on the complex steps of data processing,
relevant information will be extracted from the mix signal. SERDS is excellent for differentiating
between Raman signals and signals independent of material (luminescence, ambient light).
Therefore, SERDS could supplement the conventional Raman setup and could also decisively
facilitate the interpretation of data. Finally the examination of inelastic scattering and emission
within the time domain generates contradictory results. These are characterized by both a
clear improvement as well as the deterioration of the spectra’s quality in contrast to continuous
excitation.

The results of this dissertation show that there is no universal solution to overcome the prob-
lem of luminescence in RS. However, the usage of different excitation wavelengths offers great
potential for handling luminescence in RS successfully. In combination with SERDS and/or
photobleaching the probability to obtain exploitable spectra for sample characterization in-
creases.
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Zusammenfassung

Die Ramanspektroskopie (RS) ist eine analytische Technik, die in Folge einer optischen Anre-
gung eines Stoffes materialspezifische Informationen über dessen molekulare Schwingungen und
Kristallstruktur liefert. Aufgrund der Tatsache, dass sowohl mineralogische als auch biologische
Materialien untersucht werden können, ist die RS in der Weltraumforschung von besonderem
Interesse. Zum Beispiel werden im Jahr 2020 gleich zwei Marsrover (ExoMars und Mars 2020)
Ramanspektrometer mitführen, deren Aufgabe unter anderem die Detektion von Spuren von
vergangenem oder gegenwärtigem extraterrestrischen Leben sein wird.

Die Charakterisierung von stark lumineszierenden biologischen oder mineralogischen Materia-
lien stellt eine der größten Herausforderungen in der konventionellen RS dar. Aus diesem Grund
beschäftigt sich die vorliegende Dissertation mit dem Problem der Lumineszenz in der RS. Dazu
wird das Potenzial von fünf verschiedenen ramanspektroskopischen Techniken zur Handhabung
der Lumineszenz evaluiert. Diese Techniken beinhalten (i) die Auswahl von verschiedenen
Anregungswellenlängen (325 nm, 532 nm, 785 nm und 1064 nm), (ii) das Photobleichen, (iii)
die anti-Stokes RS, (iv) die Verwendung von zwei leicht verschobenen Anregungswellenlängen
(SERDS, engl. Shifted Excitation Raman Difference Spectroscopy) und (v) die zeitaufgelöste
RS.

Die Verwendung unterschiedlicher Anregungswellenlängen basiert auf dem Konzept der spek-
tralen Trennung des Lumineszenz- und Ramansignals. Je nach Materialbeschaffenheit kann
eine kurz- oder langwellige Anregung vorteilhaft sein. So erleichtert die Anregung bei 1064
nm im Allgemeinen die Identifizierung von biologischen Proben, wohingegen eine kurzwelligere
Anregung (532 nm) für Minerale oftmals zu verwertbaren Ergebnissen führt. Obwohl diese
Methode vielversprechende Resultate liefert, stellt die Implementierung auf einem Rover oder
Lander, aufgrund der hohen Komplexität des Aufbaus und der relativ langen Zeit für die
Datenaufnahme, eine Herausforderung dar. Eine Alternative ist das Photobleichen, wobei
die Lumineszenz durch eine lange Belichtungszeit unterdrückt wird. Da der Anregungslaser
gleichzeitig als Lichtquelle für den Bleichvorgang fungiert, ist für die Realisierung kein zusätz-
licher technischer Aufwand zu erwarten. Allerdings ist diese Methode für biologische Materialien
ungeeignet, da eine länger anhaltende Laserlichtexposition zu einer signifikanten Degradierung
der Proben führt. Eine weitere Methode für die spektrale Separation von Raman- und Lu-
mineszenzphotonen ist die anti-Stokes RS. In dieser Arbeit wird die notwendige Besetzung
der höheren Schwingungsniveaus des Grundzustandes durch thermische Anregung mittels einer
Heizplattform realisiert. Das Aufheizen biologischer Proben hat allerdings Degradierungspro-
zesse zur Folge, sodass die anti-Stokes RS in dieser Form keine Verbesserung der Ramansignale
liefert. Bei der SERDS Technik ist die Unterdrückung oder Vermeidung der Lumineszenz
während der Datenaufnahme nicht zielführend. Basierend auf komplexen Datenverarbeitungs-
schritten werden die relevanten Informationen aus dem Mischsignal extrahiert. SERDS ist
hervorragend für die Unterscheidung von Ramansignalen und materialunabhängigen Signalen
(Lumineszenz, Umgebungslicht) geeignet und könnte somit den konventionellen Ramanauf-
bau ergänzen sowie die Dateninterpretation maßgeblich erleichtern. Abschließend führt die
Untersuchung der inelastischen Streu- und Emissionsstrahlung in der Zeitdomäne zu wider-
sprüchlichen Ergebnissen. Diese zeichnen sich sowohl durch eindeutige Verbesserungen als auch
Verschlechterungen der Spektrenqualität gegenüber der kontinuierlichen Anregung aus.

Die Ergebnisse dieser Arbeit zeigen, dass es keine universelle Lösung gibt um das Problem der
Lumineszenz in der RS zu überwinden. Allerdings weist die Verwendung unterschiedlicher An-
regungswellenlängen das größte Potenzial für die erfolgreiche Handhabung der Lumineszenz in
der RS auf. In Kombination mit SERDS und/oder Photobleichen steigt die Wahrscheinlichkeit
verwertbare Spektren für die Probencharakterisierung zu erhalten.
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Chapter 1

Introduction

Space has been fascinating mankind ever since. This interest is not only limited to
the discovery of new celestial bodies within and outside our solar system, but also
very explicitly to the formation of these bodies. Another aspect of high interest is the
search for signs of extent or extinct extraterrestrial life. The exploration of space is
based on ground-based techniques whose further developments provide highly interest-
ing insights. With technological progress this knowledge could be expanded. Nowadays
manned and unmanned space flights provide important data to better understand the
origin of extraterrestrial bodies in our solar system and, thus, also the solar system
itself. However, the evidence of extraterrestrial life has not been proved by any tech-
nology yet.

Raman spectroscopy is a technique able to investigate mineralogical as well as biolog-
ical materials and, thus, can make a decisive contribution to search for signs of life.
Especially the ability of detecting biomarkers such as various biological molecules (e.g.
pigments) and biogenic substances in extreme environmental surroundings makes Ra-
man spectroscopy a valuable and effective technique to search for traces of life [1–4].
Furthermore, it can operate on solar system bodies and offers different spatial resolu-
tions which is especially important for the search of life since potential extraterrestrial
organisms are expected to be found in small amounts and sizes (e.g. in µm scale).
In this context, water-containing minerals also play a role [5] and the simultaneous
detection of minerals and biological materials can be offered by Raman spectroscopy.

The use of Raman spectroscopy in numerous different areas of applications on Earth
(e.g. chemistry and physics, biology and medicine, life science, geology and mineralogy,
environmental sciences, security research, investigation of art objects, characterization
of gems, forensic science, food science [6]) as well as the investigation of space-relevant
materials (e.g. various lichens, cyanobacteria, pigments [1–4] but also minerals [7])
under simulated space conditions [7–12] emphasize the potential of this spectroscopic
technique for material characterization. This is also supported by both future missions
ExoMars [13–16] and Mars 2020 [17–23] with a Raman spectrometer onboard whose
task, among others, is the search for signs of past or present extraterrestrial life by
analysing the chemical composition of surface and subsurface material on Mars.
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CHAPTER 1. INTRODUCTION

The wide range of applications is not least attributable to the fact that Raman spec-
troscopy is a non-destructive technique for the analysis of the chemical composition
of materials. This non-destructive character is also advantageous because it does not
lead to any interference with other techniques which shall be performed on the same
sample. The Raman effect itself was first theoretically predicted by Adolf Smekal in
1923. In the year 1928 Chandrasekara Venkata Raman and Kariamanickam Srinivasa
Krishnan provided experimental evidence of inelastic scattering in liquids. For the ev-
idence of this effect, named after Chandrasekara Raman, the Nobel Prize in Physics
was awarded two years later [6]. The theoretical background of the Raman effect is
based on the interaction of electromagnetic radiation with matter which can result in
an inelastic scattering of light, called Raman scattering. Thereby, the energy change of
the scattered light compared to the incident light is material specific and called Raman
Shift. The change of polarizability is the condition for Raman scattering to occur.

However, a major challenge for conventional Raman spectroscopy is luminescence dis-
turbance from either organic or mineralogical origin [24, 25]. Luminescence emission
is another radiation process that is several orders of magnitude larger than Raman
scattering and, thus, often characterized by an intense background signal in the Ra-
man spectrum. This can complicate the appearance of characteristic Raman lines or
completely overlap the Raman signals. As a result, the identification of the sample
is difficult or even impossible. In order to solve this problem, many different Raman
spectroscopic approaches evolved during the last 100 years in which this technique has
been established. In the review article by Wei et al. [26] these are divided into various
categories such as time-domain (e.g. time-resolved Raman spectroscopy), frequency-
domain (e.g. frequency domain demodulation) and wavelength-domain (e.g. shifted
excitation difference Raman spectroscopy) techniques as well as Raman enhancement
(e.g. surface-enhanced Raman spectroscopy), computational (e.g. polynomial fitting)
and other (e.g. photobleaching) methods and their functionalities are briefly explained.
This study provides a good impression of the diversity of technology for luminescence
suppression in Raman spectroscopy. Furthermore, some advantages and disadvantages
of each category [26] or each technique [27] are discussed, whereby these are not solely
important for a terrestrial application but have also be taken into account with regard
to a potential space-application. If a Raman setup is to be used in space essential
aspects such as limitations in setup size and weight, power consumption, robustness
regarding vibration and radiation, operation under space conditions such as low (high)
temperature and pressure are aggravating factors. These and other factors (e.g. sample
preparation that may be necessary), in turn, imply that not every Raman spectroscopic
technique is unrestrictedly suited for space-application. For example, a complex setup
is equate with enormous costs that must be provided. For this reason and because of
the fact that the available space on a rover/lander is extremely limited, the miniaturiza-
tion of the Raman setup is a necessary consequence. The fact that the miniaturization
is subject of current research is not only shown by the (potential) future missions with
a Raman spectrometer onboard [13–19,21–23,28–34] but also by the numerous in-situ
field applications on Earth [6]. In the scope of this thesis the miniaturization is not
the main theme. Nevertheless, it will be considered up to a certain extent that such
Raman techniques with regard to a possible miniaturization are examined. Note that

2



in general the performance of such systems is lower than that of laboratory systems.

The main aim of this thesis is the evaluation of the potential of five different Raman
spectroscopic techniques for luminescence suppression. Luminescence is the greatest
weakness in Raman spectroscopy because of its potential to completely obscure Raman
signals. In the context of space-application this problem might turn out to be even
more severe since the lack of a significant atmosphere and a magnetic field protect-
ing an extraterrestrial body against high-energy charged particles [35] might result in
an enhanced luminescence emissivity. For instance, this is confirmed by Weikusat et
al. [36] and Silletti et al. [37] who investigated the effects of a heavy ion (208Pb and
197Au) irradiation and of an increased dose of neutron irradiation on gemstones and
calcite, respectively. In both studies an increased luminescence emission due to an in-
creased amount of radiation-induced crystal lattice defects was found. It is therefore
all the more important to find ways to overcome this challenge. Thus, the selection
of different laser excitation wavelengths, the photobleaching effect, anti-Stokes Raman
spectroscopy, shifted excitation Raman spectroscopy (SERDS) and time-resolved Ra-
man spectroscopy (TRRS) being the five techniques for handling the luminescence
problem are provided in this study. Since there is no single system combining all
these techniques, the corresponding investigations were performed by using five dif-
ferent laboratory systems made available by four different institutes. These institutes
include the German Aerospace Center (DLR) and the Leibniz Institut für Kristallzüch-
tung (IKZ) in Berlin Adlershof, the WITec company’s headquarters in Ulm and the
Vrije Univerisiteit Amsterdam (LaserLaB, Faculty of Science). In the context of space-
application the capabilities of these Raman spectroscopic techniques for the analysis of
space-relevant, luminescent samples were investigated. For this purpose, seven analogue
samples were chosen: the extremophiles Xanthoria elegans and Buellia frigida and the
green alga of Circinaria gyrosa for biological materials, Agar for organic material and
early and late Mars representing regolith analogues (P-MRS and S-MRS) and lunar
regolith analogue (LRS) for mineralogical material. Both Mars analogue simulants re-
semble the spatially separated deposits on Mars containing mainly phyllosilicates and
sulfates [38]. It is assumed that the Mars’ surface was influenced by two different cli-
mate epochs namely the Noachian and Hesperian, which are characterized by different
hydrated alteration processes. The Phyllosilicatic Mars Regolith Simulant resembles
the mineralogical composition developed during the more water-rich and warmer early
Noachian episode, while the Sulfatic Mars Regolith Simulant resembles the Martian
surface formed during the dryer and colder Hesperian epoch.

There are several studies dealing with one of the numerous methods based on Raman
spectroscopy. Special on this study is the fact that not a single but five different ap-
proaches for luminescence suppression in Raman spectroscopy are examined using the
same relatively big sample set for each method. This implies that none of these methods
might be suitable for the analysis of the samples investigated in this study. Further-
more, in this study no pure substances are analysed but complex naturally occurring
biological samples as well as mineral mixtures consisting of several different minerals.
This, on the one hand ensures a more faithful reflection of reality but on the other hand,
might lead to additional physical and chemical processes occurring during the Raman
spectroscopic investigations which, even in pure substances, are not yet completely un-
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derstood in detail. The investigation of such a big sample set consisting of such complex
samples by using five different Raman setups requiring different measurement parame-
ters each makes a direct comparison of the different techniques difficult. Nevertheless,
the benefits and limitations of each technique are analysed and a recommendation for
the investigation of each individual sample as well as for space-application is provided.
To the best of one’s knowledge and belief there is no study including such a comprehen-
sive analysis of different methods for luminescence suppression in Raman spectroscopy
with regard to space-application.

Outline of this thesis

In the scope of presenting the outline of this thesis, a brief overview of the individual
chapters’ contents is provided. Generally spoken, Chapters 2 − 5 provide an intro-
duction to the space missions exploring our solar system and the resulting current
knowledge about the surface and subsurface composition of some extraterrestrial bod-
ies. The role of Raman spectroscopy in the context of space-application is emphasized,
the interaction of electromagnetic radiation with matter is theoretically discussed and
the samples investigated in this study are introduced. The data analysis procedure is
shown in Chapter 6. In order to solve the problem of disturbing luminescence emission
in Raman spectroscopy five different approaches are analysed in the Chapters 7 − 11,
whereby the link between Raman spectroscopy and space is described in Chapter 12.
Concluding remarks follow in Chapter 13. A more detailed description is given in the
following paragraphs.

Chapter 2 starts with a description of potential extraterrestrial goals for future space
missions and in-situ explorations. These goals include, among others, the terrestrial
planets Mercury, Venus and Mars but also moons such as the Earth’s Moon and the
icy moons Europa and Enceladus of the outer planets. The huge interest is based
on the relative short distance to Earth and, thus, accessibility as well as the physical
parameters of the planets/moons describing similarities but also differences to Earth.
These information are obtained starting with ground-based observations whereby nowa-
days knowledge about, for instance, the surface and atmospheric composition is also
provided by various types of space missions such as flybys, orbiters, landers, rovers,
sample return missions and crewed missions.

In this context, Mercury’s surface is predicted to mainly consists of plagioclase feldspar
[39,40], pyroxene [40], or more precisely enstatite [39] and Mg- and/or Ca-rich sulfides
resembling the composition of highly reduced enstatite chondrite meteorites [39]. The
existence of water-ice near the north pole is suggested by Neumann et al. [41]. The
mainly basaltic composition of Venus is confirmed by the three lander missions Venera
13 and Venera 14 [42] as well as Vega 2 [43]. The surface composition of the Earth’s
Moon was analysed in detail by means of lunar samples returned to Earth by the
manned Apollo and unmanned Luna missions [44]. This extraordinary opportunity of
investigating extraterrestrial material provided data indicating a mineral occurrence
dominated by plagioclase feldspar, potassium feldspar, pyroxene and olivine. Other
space-missions found water-ice deposits in the craters of the ’permanently shaded areas’
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[45].

The main interest of current space research is without question devoted to the planet
Mars. This is also emphasized by the impressive number of missions sent to Mars.
The distance to the sun which corresponds to the edge of the habitable zone and the
assumption of a former, warmer and wetter climate epoch makes this planet an attrac-
tive goal for further explorations. The possibility of the former presence of liquid water
might have contributed to the development of life on Mars [46]. However, no direct evi-
dence for the presence of liquid water was provided until now. The surface composition
mainly consists of clays, amorphous material and silicates such as plagioclase, pyroxene
and olivine [47] and was, among others, already analysed by several rover and lander
missions such as both Viking missions, Pathfinder, Spirit, Opportunity, Phoenix and
Curiosity.

Further interesting goals in the context of the search for signs of extent or extinct
extraterrestrial life are the icy moons Europa and Enceladus. This is based on the
assumption of the existence of a subsurface liquid ocean [48–52] and a salt occurrence
of various sulfates, sulfides, chlorides and carbonates [53–59].

Since these planets and moons are worlds of hostile environments the legitimate ques-
tion arises what kind of organism could survive such extreme conditions. In this
context the so-called extremophiles are of special interest and discussed in the last
section of this chapter. The extent of their remarkable survivability is analysed in
many studies leading to a consensus in astrobiological research with regard to their
space-relevance [7–12, 60–66]. Furthermore, the detection of such samples and, thus,
the potential of Raman spectroscopy as an appropriate technique for future planetary
missions is confirmed in various studies [1, 2, 67–69].

The Raman spectroscopic investigation of terrestrial analogue materials or meteorites
(e.g. Mars meteorites) under simulated extraterrestrial environmental conditions (tem-
perature, pressure, atmospheric composition and cosmic radiation) in the laboratory
enables the development of a reference database containing Raman spectra expected to
be obtained on extraterrestrial bodies. This and the advantages of Raman spectroscopy
are discussed in Section 3.1 and 3.2 in Chapter 3.

Nowadays, Raman spectroscopy itself is well established in many different fields of appli-
cations, whereby a portable Raman system for terrestrial field application becomes more
and more popular and, thus, is subject of current research. Hence, Subsection 3.3.1
presents some examples of hand-held systems based on various Raman spectroscopic
techniques such as surface-enhanced Raman spectroscopy (SERS) [70,71], sequentially
shifted excitation Raman spectroscopy (SSE) [72], shifted excitation Raman difference
spectroscopy (SERDS) [73], time-resolved Raman spectroscopy (TRRS) [74] but also
’conventional’ Raman spectroscopy [75–80] also in combination with an endoscope [81].
The potential of such systems in terms of an extraterrestrial application is shown due
to the future (potential) space missions ExoMars 2020 [13–16], Mars 2020 [17–23], the
European Lunar Lander [28], the Mini Laser Raman Spectroscope (MLRS) [29], the
Mars Microbeam Raman Spectrometer (MMRS) and the Compact Integrated Raman
Spectrometer (CIRS) [30–34] in Subsection 3.3.2.
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Chapter 4 is devoted to the theoretical description of the different photophysical pro-
cesses occurring when electromagnetic radiation interacts with matter. Hence in Sec-
tion 4.1, the absorption and emission processes are described. This is followed by
the luminescence emission in Section 4.2 and the definition of luminescence lifetime in
equation (4.14) in Subsection 4.2.1. In the same subsection the relaxation equation for
the multiexponential intensity decay (4.20), provided that various fluorophores with an
individual decay time each involved, are presented. The next Subsections 4.2.2 and
4.2.3 focus on the origin of luminescence emission of organic molecules and minerals,
whereby the former is caused by conjugated π electron systems [24] and the latter
by ions, so-called luminescence centers, that are incorporated into interstitial sites or
ions substituting cations in the host lattice [25, 82]. The last subsection compares the
cross-sections of absorption, emission and scattering processes (Rayleigh and Raman
scattering) with each other, whereby this of luminescence can be by about 10 orders
of magnitude stronger than the cross-section of Raman scattering. This implies that
even small amounts of luminescent compounds can constitute a significant problem in
Raman spectroscopy which must be solved and, thus, constitutes the aim of this thesis.
The classical and quantum mechanical description of the Raman effect itself is presented
in Subsection 4.3.1 and 4.3.2, respectively. Here, it is also focused on the derivation
of the Stokes and anti-Stokes intensities. After the consideration of the radiative pro-
cesses, the non-radiative processes such as vibrational relaxation, internal conversion,
intersystem crossing and various quenching processes are introduced in Section 4.4.

Chapter 5 serves as an introduction of the investigated samples in this thesis. These in-
clude Xanthoria elegans, Buellia frigida, the green alga of Circinaria gyrosa, Agar and
mineral mixtures resembling the Martian and the Lunar regolith composition. Since
some of these samples are lichens, it starts with a general description of the lichen’s
structure. Afterwards, each biological sample’s habitat and some striking morphological
and anatomical features are mentioned. Section 5.3 and 5.4 introduce the precise com-
position of the Mars and Moon analogue mixtures and describe the sample preparation
by pressing the mixtures into pellets. This chapter concludes with Section 5.5 show-
ing the results of performing fluorescence microscopy. Although the excitation is only
comparable to the excitation in Raman spectroscopy to a certain extent, the partially
strong fluorescence emission is striking. Nevertheless, an inhomogeneous distribution of
the luminescent compounds becomes apparent which is reflected via different intensive
background levels in the Raman spectra. This implies that the measurement position
on the sample is important in Raman spectroscopy.

Chapter 6 starts with the definition of the signal-to-noise ratio (SNR) which is used
throughout this thesis to determine the quality of a Raman spectrum. It is also a
criterion whether or not a Raman line can be distinguished from noise and, thus, can
be used for sample identification. Simulated Raman spectra with different levels of noise
contributions are used to define the detection limit (SNR ≥ 3) in this thesis. However,
the noise can be divided into several additive noise components such as shot noise, dark
noise, readout noise and flicker noise. Flicker noise and dark noise originate from the
laser and detector, respectively, while the readout noise is caused by the conversion
of an analogue signal (electrons) to a digital number. Shot noise contributes most to
the noise level provided that the detector is cooled and luminescence emission is an
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issue. Note that an increased exposure time and/or number of measurements can also
increase the SNR.

Section 6.2 is devoted to give an overview about the procedure of data analysis in the
following chapters. Here, it is stated that the potential of five different approaches for
handling luminescence disturbance in Raman spectroscopy is evaluated. Each chapter
begins with the explanation of the theoretical principles. This is followed by the de-
scription of the used experimental setup, the measurement parameters and the data
processing procedure. Since these steps are repeated in each chapter, they will not be
mentioned again in the following presentation of the outline. Afterwards, the measure-
ment results of all seven samples are presented which emphasizes the complexity of this
study. The results are summarized in the final subsection of the corresponding chapters
and briefly presented in the following paragraphs of this outline.

Chapter 7 introduces the first approach for luminescence suppression in Raman spec-
troscopy examined in this thesis. The method of selecting different excitation wave-
lengths includes four different laser sources (325 nm, 532 nm, 785 nm and 1064 nm) and
three different Raman setups. This chapter mainly serves as an introduction by pro-
viding reference data for the other chapters where further methods for luminescence
handling, rejection and suppression are investigated. For this purpose, each examined
sample and the corresponding Raman spectrum is introduced.

The data analysis of the whole sample set emphasizes that the comparison of the dif-
ferent excitation wavelengths is challenging, since three setups were used and the mea-
surement parameters had to be adjusted for each measurement. The measured Raman
spectra show that regardless of the laser source there is no single excitation wavelength
that provides ideal results for all examined samples in this study. Nevertheless, this
method provides in any case at least one good Raman spectrum that assures an easy
sample identification. Problems arise when Raman spectroscopy is performed using
an excitation wavelength at 1064 nm. Here, further effects such as the occurrence of
absorption lines and an enhanced background signal due to thermal radiation have to
be taken into account.

Chapter 8 is devoted to the investigation of the potential of luminescence suppression
by applying the photobleaching effect to the whole sample set. For this purpose, each
sample was investigated by exposure to continuous laser light (532 nm) for 1 min and
15 min which served as bleaching light source and simultaneously as excitation source for
Raman spectroscopy. This also entails the danger of sample degradation which has to
be taken into account when adjusting the laser power for the photobleaching technique.
Since the dependence of the photobleaching process on atmospheric oxygen seems to
play a role, the effect of different atmospheres (ambient air, CO2 dominant atmosphere
and vacuum) on this method is investigated. Therefore, the samples were placed into a
cryostat that was evacuated or filled with carbon dioxide. Both atmospheric conditions
were chosen according to their extraterrestrial occurrence. The inhomogeneous distri-
bution of the luminescent pigments and luminescence centers leads to the investigation
of at least ten different measurement positions on the samples in each of the three
atmospheric conditions.

The evaluation of the potential of this technique is carried out by calculating the SNRs
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of the Raman signals before and after a prolonged irradiation of the samples. In order
to investigate the different effects of the photobleaching procedure on biological and
mineralogical samples, the green alga of Circinaria gyrosa and the S-MRS pellet were
analysed in detail in Subsection 8.3.3 and 8.3.4, respectively. Each subsection includes
the examination of the behaviour of the time-dependent luminescence intensity which
emphasizes whether or not the luminescence intensity is reduced, enhanced or remains
the same after irradiation. In addition, it is figured out that after a certain time
without irradiating the sample a small amount of the luminescence intensity recovers.
Thus, reversible as well as irreversible photobleaching is taking place. Afterwards,
the behaviour of the time-dependent Raman line intensities is of interest before the
individual SNRs are finally determined. In contrast to the luminescence reduction, the
SNR is an important indicator whether or not this photobleaching technique is able to
improve the quality of the Raman spectra and, thus, the identification of the sample.
As a result, this method is appropriate for luminescence reduction but inappropriate
for SNR improvement in the biological samples examined in this study. A significant
improvement can only be observed in the case of Agar and the Mars and Moon analogue
mixtures. Despite these results, it should be noted that not each SNR of every Raman
line is investigated because this would have been an extensive task. Hence, a personal
selection based on the idea of including some strong and weak Raman lines is made.
Finally, the photobleaching effect on the remaining samples is discussed in Subsection
8.3.5.

Chapter 9 focuses on the examination of the short wavelength range which is theoret-
ically less influenced by luminescence. Here, the application of a notch filter allows to
simultaneously record the Stokes as well as anti-Stokes spectrum. A heating stage is
used to increase the temperature of the examined samples. Here, an excitation wave-
length at 532 nm was used.

After the description of the theoretical background and experimental setup in Section
9.1 and 9.2, respectively, some preliminary theoretical consideration were made in Sec-
tion 9.3. These include the examination of the dependence of the anti-Stokes intensity
on temperature and the spectral position, and the higher sensitivity of anti-Stokes in-
tensity compared to Stokes intensity on temperature variations. Here, the thermal
degradation of especially biological samples is an important issue, since the heating of
the sample is essential for well-resolved anti-Stokes lines to occur. Furthermore, the
closer the characteristic Raman lines to the excitation wavelength the more likely anti-
Stokes signals occur. Both the temperature and spectral position dependence, imply
that the investigation of especially biological samples by means of their anti-Stokes
spectra is difficult. The examination of mineralogical samples seems to have a higher
potential to provide positive results. However, the measurement results show either no
resolved anti-Stokes lines or no improvements of SNRs of the anti-Stokes lines com-
pared to the SNRs of the Stokes lines. In other words, the application of a notch filter
and, thus, the detection of the anti-Stokes spectra does not provide any improvements
of the quality of the Raman spectra. Although this technique does not lead to sat-
isfying results, further features such as temperature-induced effects, the appearance
of luminescence in the anti-Stokes range and resonance effects are investigated in the
Subsections 9.4.3, 9.4.5 and 9.4.6, respectively.
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Chapter 10 presents the technique of shifted excitation Raman difference spectroscopy
(SERDS) for luminescence suppression. This approach is realized by the application
of two completely different laser sources with slightly shifted excitation wavelengths at
approximately 532 nm. It is emphasized that this technique is based on background
subtraction mechanisms unlike the other methods investigated in this thesis, whereby
the data analysis is done by means of the difference spectrum. The development of
an algorithm to reconstruct the classical form of a Raman spectrum is not considered
here, since its development greatly exceeds the framework of this thesis.

The benefits and limitations of this SERDS method are investigated in Section 10.3.
In the first Subsection 10.3.1 of the data analysis the general statement that the shift
of excitation wavelength should be approximately the same as the full width at half
maximum (FWHM) of the Raman signals to get optimal results [83] is examined. It
follows the greatest strength of this method that includes the distinction of broad- and
narrowband luminescence and ambient light from the Raman signals. Furthermore,
in some cases the difference spectrum ensures a more reliable interpretation of barely
resolved and broad Raman lines in the raw spectra. The application of SERDS elimi-
nates another non-wavelength dependent contribution − the fixed pattern ’noise’; see
Subsection 10.3.2. In the following two Subsections 10.3.3 and 10.3.4 the problems
regarding the measurement results and the method itself are discussed. These include
the distortion of a broad Raman signal, the enhanced shot noise level in the difference
spectrum, a relatively long measurement time and an unwanted temperature-induced
shift of the excitation wavelengths. Besides, the difference spectrum does not contain
additional information compared to the raw spectra. This means that although the lu-
minescence might be eliminated in the difference spectrum no Raman lines are resolved
if these are not already present in the raw spectra.

Chapter 11 is devoted to the fifth approach of luminescence rejection in Raman spec-
troscopy analysed in this thesis. Time-resolved Raman spectroscopy was performed by
a pulsed excitation source (440 nm) emitting 3 ps pulses at a repetition rate of 76 MHz.
The detection of the Raman scattering and partly rejection of luminescence emission
was realized by using a gate width of approximately 250 ps.

The potential of this technique is investigated in detail by means of one biological (Xan-
thoria elegans) and one mineralogical (LRS) sample in Subsection 11.3.1 and 11.3.2,
respectively. Therefore, first the optimal parameters for time-resolved Raman measure-
ments of each sample are determined. Then, the Raman spectra measured in gated
and non-gated mode from the same measurement position on the sample, using the
same excitation power and integration time per spectrum are compared. For this pur-
pose, the signal-to-background (SBR) and signal-to-noise (SNR) ratio of gated and
non-gated spectra are calculated. The gated Raman spectra of some measurement
positions show clear advantages compared to the non-gated Raman spectra. In these
cases the application of time-resolved Raman spectroscopy enables the identification
of these samples whereby continuous wave excitation does not provide usable results.
After this detailed analysis, the results of the remaining samples are briefly discussed
in the following Subsection 11.3.3.

So far the five different Raman spectroscopic techniques for luminescence suppression,
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rejection and handling were investigated in this study. In Chapter 12 these techniques
are considered in the context of a possible space-application. For this purpose, the ben-
efits and limitations regarding the Raman setups used in this study, the measurement
parameters and the obtained results are discussed in Section 12.1. Here, additional
requirements such as setup size, costs, power consumption, etc. which are important
for an operation in space are discussed. Basic considerations about the development
process of a mission are done and a proposal for a Raman technique suitable for han-
dling the problem of luminescence emission is suggested in Section 12.2. The following
Section 12.3 briefly introduces some similar Raman spectroscopic approaches for lu-
minescence suppression. Other important factors that have to be taken into account
are the existing environmental conditions on extraterrestrial bodies; see Section 12.4.
Hence, the reader’s attention is drawn to the influence of ambient light, cosmic radia-
tion, atmospheric composition, temperature and pressure on the Raman setup and the
Raman spectra.

Finally, this thesis concludes with Chapter 13 which provides a short summary of the
results obtained in this thesis and an outlook on future tasks that might be of interest
and contribute to develop a high performance Raman setup capable of operating in
space and handling the problem of luminescence.
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Chapter 2

Planetary in-situ exploration and
the search for life

The exploration of space has been fascinating mankind ever since. In the 17th century
the knowledge regarding the existence of other celestial bodies in the solar system could
already be broadened, due to the development of the first telescopes. Thus, among the
first discoveries are the Galilean moons by Galileo Galilei as well as Titan and the rings
of Saturn by Christiaan Huygens. Further insights were to follow (Figure 2.1).

Figure 2.1: Schematic representation of the solar system.

With the progress of technical development not only the question of the mere existence
of extraterrestrial bodies but also of their physical and geological properties arose.
The desire to understand the evolution of the solar system and the origin and evolu-
tion of life and whether and under which conditions extant or extinct extraterrestrial
life exists deepened. Nowadays these questions are examined by means of ground-
based observatories, flybys, orbiters, landers, rovers, sample return missions and even
crewed explorations. Equipped with various analytical instruments such as x-ray fluo-
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rescence spectrometer (XRS) [39,42,43,84–87], alpha particle spectrometer [88], visible
and near-infrared imaging spectrometer [89–91], imaging radar instrument [84], laser-
induced breakdown spectrometer (LIBS) [92], Mössbauer spectrometer [86], atomic
force microscope [93], wet chemistry laboratory [93] and mass spectrometer [87,93–95]
the mineralogical and elemental composition of planetary surfaces was, is and will be
investigated.

However, Raman spectroscopy is not yet among these techniques, whereby its appli-
cation for in-situ planetary science is currently discussed in space research community
(see Section 3.3.2). This is primarily due to the fact that the scientists’ interest for
the search for extraterrestrial life grows and that until today no instrument (except for
cameras) was sent into space that could provide direct proof of the existence of life. Ra-
man spectroscopy combines the ability to detect mineralogical and biological materials.
The latter can be analysed down to a single cell scale which is interesting insofar as this
is the scale in which potential life may exist. In order to exploit this potential of Raman
spectroscopy completely, the problem of luminescence must be solved. Luminescence
is the most disturbing process in Raman spectroscopy and can be of mineralogical or
biological origin. It is for this reason that this thesis focuses on different approaches
for luminescence rejection in Raman spectroscopy, which is an important issue in field
and laboratory applications on Earth and, thus, also most likely on extraterrestrial
bodies. In this context, the main physical parameters and the surface and atmospheric
composition (which influences the composition of surface material due to weathering
processes) of potential goals such as the terrestrial planets, the Earth’s Moon and the
icy moons of the outer planetary system are presented in detail in the following sections.
Although asteroids are also of interest, they are not considered here.

Mercury

Mercury is the smallest (terrestrial) planet in the solar system whose observation is
complicated by various parameters such as the proximity to the sun (mean distance from
the sun of about 0.387 AU) which complicates Earth-based observations. Furthermore,
the influence of the gravitational potential of the sun as well as the broad planet’s
temperature range of [90 K, 700 K] constitutes a challenge for a spacecraft in itself and
the intention of orbiting Mercury [96, 97]. Further properties are a thin exosphere, a
magnetosphere and a sidereal day of 58.785 Earth’s days.

Until the early 1970s the entire knowledge about the planet Mercury came from ground-
based observations. Based on reflection measurements, assumptions have already been
made about the elemental composition of Mercury’s surface and atmosphere. It has
been suggested that the surface resembles the lunar surface containing dark glasses
with a large amount of iron and titanium. A high content of pyroxene was assumed
[98]. In later ground-based measurements emission lines were found which suggested
the existence of elements such as Ca [99], Na [100] and K [101] in the exosphere.
The opportunity for a deeper analysis was the first Mercury space probe Mariner 10
(NASA). During its three encounters in terms of flybys with the planet many images
of the planet’s surface were returned and evidence of a magnetic field was found [96].
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Spacecraft and ground-based measurements suggest the presence of elemental sulfur
especially at Mercury’s poles [102]. Furthermore, iron sulfides such as troilite and
pyrrhotite, plagioclase and pyroxenes were considered as good candidates to represent
the surface’s mineralogical composition [102]. Based on these spacecraft and ground-
based achievements the elemental species of the thin exosphere are listed in Table 2.1.
Their abundances can be found in the review articles [40, 97]. Different candidates
representing the elemental composition of the surface were suggested and are listed
in the review article [40], whereby the abundances of the individual components (in
wt. %) depend on various models which were derived. The second and to the present
day least spacecraft MESSENGER (NASA) [96, 103] which stayed in Mercury orbit
rebutted the presumption of a lunar-like feldspar-rich surface composition [39]. X-ray
Spectrometry provided data of relatively high Mg/Si and low Al/Si and Ca/Si ratios
which lead to the assumption of a lower amount of plagioclase feldspar. A high sulfur
and low iron and titanium abundance was also measured. Based on these data a
mineralogical composition which resembles the composition of highly reduced enstatite
chondrite meteorites containing Mg- and/or Ca-rich sulfides is suggested; see Table 2.1.

(predicted) elemental composition
exosphere surface (predicted) mineralogical composition

H [40, 97, 104] low Fe and high [39]: probably Mg- and/or Ca-rich sulfides,
He [40, 97, 104] S abundances and silicates such as enstatite, plagioclase feldspar
Li [40, 97] trace amounts of: [41]: H2O-ice, complex organic material (near
O [40, 97, 104] Sm [39] the north-pole)
C [104] Gd [39] [40]: Lunar soil is represented best by Lunar
Ne [40, 97, 104] Al [39] meteorid material or Mercury analogue
Xe [104] Ca [39, 40, 97, 105] materials: mixtures of plagioclase and
Na [40, 97, 100] Ti [39, 40, 97, 105] pyroxene such as bytownite-enstatite,
Mg [40, 97] Mg [39, 40, 97, 105] labradorite-enstatite, andesine-enstatite,
Al [40, 97] Si [39, 40, 97, 105] olioclase-enstatite
Si [40, 97] Fe [39, 40, 97, 105]

S [40, 97, 102] S [39, 40, 97, 105]

Ar [40, 97, 104] K [40, 105]

K [40, 97, 101] Na [40, 97]

Ca [40, 97, 99] H2O [97]

Fe [40, 97] Mn [40]

H2
[40, 97] O [40]

O2
[40, 97] Th [105]

N2
[40, 97] U [105]

OH [40, 97]

CO2
[40, 97]

H2O [40, 97]

Table 2.1: (Predicted) elemental and mineralogical composition of the exosphere and sur-
face based on ground-based, Mariner 10 and MESSENGER measurements. [40, 97] are review
articles.

In 2018 a third Mercury mission BepiColombo, which is a cooperation between the
European Space Agency (ESA) and the Japan Aerospace Exploration Agency (JAXA),
was launched. It consists of two probes (MMO: Mercury Magnetospheric Orbiter,
MPO: Mercury Planetary Orbiter) which will enter into the Mercury orbit [96].
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Venus

Venus is the second planet from the sun with a mean distance of 0.72 AU. It differs
from Earth in terms of a lack of an intrinsic magnetic field and liquid surface water.
It has a large atmospheric mass, whereby the main atmospheric component is CO2.
Furthermore, very high surface pressure (93 bar) and temperature (740 K) are present.
Venus’ rotational period (retrograde) is 243 Earth days which is even longer than the
orbital period (225 Earth days) and results in a period of a Venus’ day of approximately
117 Earth days. Consequently, the surface is illuminated for 58.5 Earth days and
afterwards becomes dark for the same period of time [106].

Data provided by ground-based measurements as well as by orbiter and lander missions
fundamentally formed our knowledge of this planet. Especially those of the Venera
and Vega program and the Pioneer program, which were led by the Soviet Union
and the NASA, respectively, allowed, among others, the characterization of the Venus’
atmosphere and surface composition [107, 108]. Venus’ atmosphere has several special
features such as a cloudy layer in an altitude range of approximately 45 to 70 km,
whereby the upper cloud layer mainly consists of droplets of concentrated sulfuric
acid [106, 108–110]. A second feature is the super-rotation of this upper layer with
a velocity of 100 m/s, which results in a retrograde rotation around the planet with
a period of about 4 − 5 days [111]. The most abundant constituents of the Venus
lower atmosphere are CO2 with 96.5 % and N2 with 3.5 % [107, 112]. Noble gases
such as He (12 ppm), Ne (7 ppm), Ar (70 ppm) and Kr (0.2 ppm) [106] and further
minor components such as carbon and sulphur species (OCS, CO, SO, SO2, H2SO4,
S2, H2S), halides (HF, HCl), and water vapour (H2O) are also present, whereby SO2
is the most abundant compound (up to 130 ppm); see Table 14.1 in the appendix. The
amount of these minor components varies with altitude, latitude and at any time of
day or night. For a more detailed description of these parameters it is referred to
the following studies and the references therein [107, 108]. There are several studies
dealing with photochemical models and, therefore, the chemical composition of the
lower (0 km − 47 km) [113] and upper [114] atmosphere. However, different instruments
of the first European space probe Venus Express [109,115,116] provided more detailed
data concerning the distribution of the atmospheric compounds and the atmospheric
dynamics [110,117,118].

The lander missions Venera 13 and Venera 14 as well as Vega 2 provided data about the
chemical composition of the planet’s surface as well as their abundances; see Table 2.2.
Therefore, material was obtained by drilling into the surface and subsequently trans-
ported into the lander where it was analysed by x-ray fluorescence. Based on these data
a mineralogical composition dominated by basalt is suggested. More precisely, olivine
gabbro-norite (Vega 2) [43], tholeiitic basalt tuff with a low potassium content (Venera
14) and weakly differentiated melanocratic alkaline gabbroids with high potassium con-
tent (Venera 13) [42] are suggested. Further, it is assumed that the surface is oxidized
which would suggest that ferric minerals such as magnetite are present [119]. Based on
thermodynamic calculations magnetite, hematite, quartz, magnesite, anhydrite, pyrite,
enstatite and albite are suggested [120]. More than 60 atmosphere-lithosphere reactions
are considered by Lewis [121].
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A future mission to Venus is expected to be the Russian Venus probe Venera-D, which
shall consist of an orbiter, lander and floating balloon [122].

Elemental composition Venera 13 Venera 14 Vega 2
(oxides) [42] (wt. %) [42] (wt. %) [42] (wt. %) [43] Mineralogical composition

MgO 11.4 8.1 11.5 -olivine gabbro-norite [43]

Al2O3 15.8 17.9 16.0 -tholeiitic basalt tuff
SiO2 45.1 48.7 45.6 with a low potassium
K2O 4.0 0.2 0.1 content [42]

CaO 7.1 10.3 7.5 -weakly differentiated
TiO2 1.59 1.25 0.2 melanocratic alkaline
MnO 0.2 0.16 0.14 gabbroids with high
FeO 9.3 8.8 7.7 potassium content [42]

SO3 1.62 0.88 4.7 -magnetite, hematite,
Cl < 0.3 < 0.4 < 0.3 quartz, magnesite,

Na2O 2.0 2.4 2.0 anhydrite, pyrite,
Cu < 0.3 enstatite and albite [120]

Zn < 0.2 -magnetite [119]

As, Se, Br < 0.08
Sr, Y, Zr, Nb, Mo < 0.1

Pb < 0.3

Table 2.2: Elemental and mineralogical composition of Venus’ surface.

Earth’s Moon

With the beginning of Moon missions in the late 1950s, the foundation of analysis of the
lunar surface composition was laid. The first soil sample was analysed by Surveyor 5
that detected the elements oxygen (most abundant element), silicon, aluminium, mag-
nesium, carbon, sodium, elements indicating that a silicate rock was analysed [88]. With
Apollo 11 the first sample return mission was successfully completed. Further missions
of the Apollo-program (Apollo 12, 14, 15, 16, 17) and the Luna-program (Luna 16, 20,
24) followed, whose landing sites are spread over the fixed Moon’s nearside that faces the
Earth (synchronous rotation) [44]. In total the manned Apollo missions collected 381.7
kg and the Luna robot landers (unmanned) drilled into the lunar surface and collected
321 g of rock and soil [44]. The returned samples were gathered from different regions
of the Moon; the dark-coloured lunar plains and the lighter-coloured highlands [44].
The chemical composition of these samples was analysed by various studies summa-
rized in [123]. The results of these analyses indicate that the most abundant minerals
on the Moon are the silicate minerals: plagioclase feldspar (Ca,Na)(Al,Si)4O8, potas-
sium feldspar KAlSi3O8, pyroxene (Ca,Fe,Mg)2Si2O6 and olivine (Mg,Fe)2SiO4; see
Table 2.3. These are followed by the oxide minerals: ilmenite (Fe,Mg)TiO3, spinel
[(Fe,Mg)(Cr,Al,Fe,Ti)2O4] and armalcolite (Fe,Mg)Ti2O5. Less abundant but still
present are rutile TiO2, baddeleyite ZrO2, zirconolite [(Ca,Fe)(Zr,REE)(Ti,Nb)2O7],
native iron and the sulfide minerals, e.g. troilite FeS. Particularly striking is the rare
occurrence of phosphate minerals, e.g. apatite Ca5(PO4)3(OH,F,Cl) and whitlockite
Ca3(PO4)2 and silica minerals SiO2 such as quartz, cristobalite and tridymite whereby
the silica minerals are very common on Earth. However, this is surpassed by the com-
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plete absence of water containing minerals such as clays, micas and amphiboles on the
Moon.

Mineral Apollo sampling sites [vol.%] Luna sampling sites [vol.%]
Plagioclase 12.9 − 69.1 14.2 − 52.1
Pyroxene 8.5 − 61.1 27.0 − 57.3
Olivine 0.2 − 11.6 6.6 − 17.5
Silica 0.0 − 1.1 0.0 − 1.7

Ilmenite 0.4 − 12.8 0.0 − 1.8
Mare Glass 0.9 − 17.2 0.9 − 5.5

Highland Glass 4.7 − 25.0 3.8 − 12.8
Others 0.7 − 2.3 -

Table 2.3: The minimal and maximum value of the abundances of minerals and glasses in
soils from the six Apollo and three Luna sampling sites. Modified table based on [123].

Despite these findings, the Earth’s Moon is of special interest because it is the nearest
celestial body (distance of 400 000 km) and because of the existence of water on its sur-
face [124]. It is assumed that comets and meteorites impacts are the source of water-ice
deposits. Since temperatures reach values up to 395 K water-ice would evaporate and
escape into space. This is prevented by the craters within the so-called permanently
shaded areas of the Moon, which function as ’cold traps’ (100 K). Due to low thermal
energy water molecules within the craters can not escape into space [45]. This theory
of ’cold traps’ is confirmed by the data provided by the missions Clementine (1994)
and Prospector (1998). The investigations showed that water-ice containing craters
exist at the Moon’s poles. Clementine examined the south pole using the bistatic radar
experiment whereby Lunar Prospector used the neutron spectrometer to examine the
south as well as the north pole [45]. In subsequent years further spacecrafts (2008:
Chandrayaan-1, 1999: Cassini flyby, 2009: Deep Impact) investigated the surface com-
position of the Moon and confirmed the previously gained knowledge from the existence
of water on the Moon. Apart from water molecules, hydroxyl (OH) was detected, which
is an indicator for the presence of water [45, 124]. Chandrayaan-1 equipped with the
Mini-SAR instrument detected more than 40 water-ice containing small craters with a
diameter of 2 km − 15 km at the north pole of the Moon. Based on these data it is
estimated that the amount of water-ice is at least 600 million tons [125].

However, considering the tenuous lunar atmosphere, water and hydroxyl are only trace
elements. The main constituents are neon, hydrogen, helium and argon, whereby their
individual concentrations vary with temperature and therefore with daytime and night-
time; see Table 14.2 in the appendix. Further minor constituents are CH4, CO2 and
NH3 [126].

Mars

The following information regarding Mars can be found in the monograph by Rauch-
haupt [46]. Other references will be referred to explicitly. The planet Mars is with
a mean distance of 1.5 AU from the sun the last of the four terrestrial planets in the
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solar system. The rotation period is approximately 24.5 h and, thus, similar to the
period of an Earth day. One of the visible and striking features is the Martian di-
chotomy. The northern hemisphere consists of a single lowland, whereas the southern
highlands are characterized by numerous craters. The main components of rocks are
basalts (hematite, pyroxene and olivine) and evaporites such as gypsum. The lack of
metamorphic rocks is due to the fact that the planet does not have plate tectonics.
This also supports the formation of high volcanoes such as the Olympus Mons with a
height of 25 km [127].

In contrast to Earth, Mars does not have a global magnetic field protecting the planet
against cosmic radiation. Nevertheless, isolated local magnetic fields occur. Another
difference to Earth is the thin atmosphere mainly consisting of CO2 (95.32 %). Other
constituents are N2 (2.7 %), argon (1.6 %), oxygen (0.13 %), water vapor (0.02 %) and
small amounts of CO and NO. Mahaffy et al. [128] report on the results of the atmo-
spheric investigation by the Curiosity rover, whereby a similar atmospheric composition
with small differences in the abundances was detected. Due to this thin atmosphere
there is only a weak greenhouse effect. Furthermore, the regularly occurring dust storms
cover the whole planet, whereby it is well-known that the small dust particles in the
atmosphere containing hematite (Fe2O3), silicates and magnetite (Fe3O4) as well as
the regolith on the surface consisting of iron oxide are responsible for the striking red
colour of the planet.

Note that the huge interest of space research in Mars is, among others, based on the
similarity with Earth, the relative short distance to Earth and its position at the edge
of the habitable zone. The latter fact may offer the possibility that Mars harbors
liquid water although no direct evidence was provided until now. Since liquid water
is a necessary condition for the existence of life on Earth, it is of invaluable relevance
for aspects of habitability. However, the pressure (∼6 hPa) and mean temperature
(∼215 K) conditions prohibit the presence of liquid water in its stable phase on Mars’
surface. Nevertheless, there are surface features, e.g. the so-called gullies, deltas, valley
networks, outflow channels, glacier features and blueberries, which are considered as
proof of the former existence of liquid water. This would in turn require a Mars
atmosphere that was thicker than the present one. Presently, a great amount of visible
water on Mars is concentrated in form of water and CO2 ice at the poles, which was
already detected by the Viking missions (1976) and MarsExpress (2003). Moreover,
the data of the Mars probe Odyssey (2001) indicate that a large amount of ice might
be stored under the surface in the permafrost. Apart from the surface and subsurface,
the atmosphere also contains small amounts of water vapor which was found by the
Viking missions [129]. This was also confirmed by the observation of the condensation
of water vapor from the atmosphere on top of the Mars rover Opportunity [130].

Knowledge of surface structure and surface composition of Mars was gained in the
era of Mars missions starting in 1960. An overview of the status of different types of
missions is given in Figure 2.2. Figure 2.2 emphasizes that only a small part of these
missions reached Mars and operate(d) successfully.
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Figure 2.2: Status of different types of Mars missions. Data were extracted from an overview
of Mars missions provided by [131].

In this study it is mainly concentrated on the results of the lander and rover missions.
This includes, among others, the analysis of both Viking missions (1976) that landed
in the west of Chryse Planitia and Utopia Planitia. The investigation of the Martian
surface with x-ray fluorescence spectroscopy provided similar results as the analysis
using alpha proton x-ray spectroscopy by Pathfinder (1996), which landed in Ares
Vallis. Based on the elemental composition including Na, Mg, Al, Si, S, Ca, Fe and
small amounts of Cl, K, and Ti [132, 133] a salt occurrence of NaCl, MgSO4, Na2SO4,
MgCO3 and CaCO3 [134] is assumed. A larger geographical area was mapped by the
Mars orbiter Odyssey in 2001. Gamma-ray spectroscopy found abundances of H, Si, Cl,
K, Fe, Th, O, Al, Ca, S and U in the equator and mid latitude regions of Mars [135]. In
this context, Keller et al. [136] report on a heterogeneous distribution of chlorine across
the Martian surface, whereas the Si, Fe, K and Th content seems to vary between the
highlands and lowlands. In the year 2003 Mars Express reached Mars and provided
hints on the presence of gypsum, kieserite, basanite, epsomite, copiapite, halotrichite,
starkeyite, szomolnokite and kornelite [137, 138]. One year later the Mars rover Spirit
(Gusev crater) and Opportunity (Terra Meridiani) started to operate and provided data
supporting the assumption of the existence of sulfate deposits containing magnesium,
iron and calcium ions [139]. In the year 2008 the examinations of the Mars’ soil by
Phoenix indicated, among others, water-soluble salt hydrates and found Ca2+, Mg2+,
K+, Na+, NH4+, H+, Cl−, Br−, I− and perchlorates in Vastitas Borelis [140]. Finally,
the rover Curiosity analysed different soil samples using x-ray diffraction. Depending on
the sample, the mineralogical composition and abundances are quite different [47,141],
whereby plagioclase seems to be the main constituent. Other minerals are olivine,
augite, pigeonite, orthopyroxene, magnetite, anhydrite, etc.; see Table 2.4. Due to
numerous analyses of the surface composition, the possible existence of various salts
and salt mixtures relevant for Mars are discussed in the community. A summary is
given in [137,142,143].
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Mineral Rocknest (wt. %) John Klein (wt. %) Cumberland (wt. %)
Plagioclase 29.8 22.4 22.2
Fe-forsterite 16.4 2.8 0.9

Augite 10.7 3.8 4.1
Pigeonite 10.1 5.6 8.0

Orthopyroxene - 3.0 4.1
Magnetite 1.5 3.8 4.4
Anhydrite 1.1 2.6 0.8
Bassanite - 1.0 0.7

Quartz 1.0 0.4* 0.1*
Sanidine 0.9* 1.2 1.6
Hematite 0.8* 0.6* 0.7
Ilmenite 0.7* - 0.5*

Akaganeite - 1.1 1.7
Halite - 0.1* 0.1*
Pyrite - 0.3*

Pyrrhotite - 1.0 1.0
Smectite - 22 18

Amorphous 27 28 31

Table 2.4: Mineralogical composition of three soil samples of the Martian surface analysed by
the Curiosity rover. The table was adopted from [47]. The asterisk marks the values, which are
near the detection limit.

Outer planetary system

There are only a few space missions whose goal was to investigate the outer planets of
our solar system. Apart from that, our knowledge is based on ground-based observa-
tions. A main feature of the planets is the large atmosphere which is mostly composed
of molecular hydrogen and helium and minor species of methane, water, ammonia
and ethane [144–146]. A day of the gas planets ranges from approximately 10 h to
17 h [147]. The mean temperature decreases from 128 K to 49 K with increasing mean
distance from the sun [148]. To date, a large number of moons was detected, whereby
the exact number is still unclear.

Icy moons: Europa and Enceladus

In the context of the search for signs of extent or extinct extraterrestrial life, icy moons
are interesting because the existence of a subsurface liquid ocean [48–52] is assumed.
In the case of Enceladus it is suggested that this ocean is present under a several km
thick ice layer at the south pole [149–151]. A special feature is the active cryovol-
canism [150, 152], which probably supplies the material for Saturn’s E-ring, its own
surface [94,153–155] and a thin mainly water vapour containing atmosphere [156,157].
Minor species of the atmospheric plume gas are H2, NH3, CO2 and CH4 [156]. In con-
trast, Europa’s atmosphere is dominated by atomic and molecular oxygen [158,159].

It is assumed that the oceans are, among others (radiogenic heating [151]), probably the
result of tidal forces heating the moon’s interior [149, 160–165]. Besides, it is believed
that the oceans of Europa and Enceladus [94] contain dissolved salts that could also
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explain the existing magnetic field on Europa [166–168]. Spectroscopic examinations
suggest that the surface of Europa and Enceladus, among others, probably consists of
a large extent of water ice ( [169–172] and [173,174], respectively) and several different
salts; see Table 2.5.

Mineral Groups Europa Enceladus
Sulfates MgSO4

[53–55], MgSO4·6H2O [56, 57],
MgSO4·7H2O [56, 57],
MgSO4·12H2O [53, 57],

Na2SO4
[53, 55],

Na2SO4·10H2O [53, 56, 57],
Na2Mg(SO4)2·4H2O [56, 57],

minor sulfates of K, Mn, Ni [53],
low amounts of CaSO4

[53],
H2SO4

[54]

Sulfides Na2S·9H2O [56, 57]

Chlorides NaCl [54, 58], KCl [58],
MgCl2 [53, 54, 58]

NaCl brine on the surface and/or in
the subsurface ocean [59, 94]

Carbonates Na2CO3
[56, 57], NaHCO3

[57] NaHCO3, Na2CO3, Na-Cl-HCO3
brine on the surface and/or in the

subsurface ocean [59, 94]

Table 2.5: Predicted salt occurence on the icy moons Europa and Enceladus.

Extremophiles and their importance in space-research

As described in the previous chapter, the exploration of different extraterrestrial objects
of our solar system was and still is supported by numerous types of investigations such
as ground-based observations, orbiter missions, rover missions, unmanned and even
manned lander missions. Nevertheless, a key question remains unanswered until now:
Does life exist beyond Earth?

In order to come closer to answer this question, it is assumed that at least some of
the conditions necessary for the existence of life on Earth correspond to those for the
existence of extraterrestrial life. One of the conditions, that guarantees the existence of
life as it is known on Earth, is the presence of liquid water [175]. Thus, targets such as
Mars and the icy moons of the outer planets with the possibility of hosting extant or
extinct extraterrestrial life are discussed in astrobiological community [176–178]. It is
assumed that the climatic conditions on early Mars during the Noachian epoche allowed
for a wetter and warmer environment [38], which nowadays could offer the opportunity
to detect traces of ancient life (biosignatures). Today, salts are thought to be a potential
source of liquid water (metastable [46,142,175]). Wang et al. [5] proposed the possibility
of the existence of subsurface hydrous salts as a stable-longlived habitable environment
on Mars. On the icy moons Europa and Enceladus the existence of a liquid ocean
under their icy surfaces [49, 51, 52, 149, 151] containing dissolved salts [51, 94, 166, 168]
is assumed.

However, Mars as well as the icy moons are worlds of extreme environmental conditions
complicating their habitability. In order to obtain a better understanding whether and
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how organisms are able to survive in such a hostile environment, the investigations
of so-called extremophiles are of special interest. Extremophiles are well-known for
their potential to survive extreme environmental conditions such as low humidity and
temperature [67, 179, 180], exposure to katabatic winds [179] and increased ionizing
UVB and UVC radiation [8,67,179,181]. The latter is the result of stratospheric ozone
depletion in spring (Ozone hole) [182]. Since, for instance, the Antarctica exhibits
such hostile conditions, this region is widely accepted as a Martian analogue habi-
tat [1,2,67,68,179,183,184]. In order to survive, some organisms, among them different
lichens (e.g. Xanthoria elegans, Buellia frigida and Circinaria gyrosa) or cyanobacte-
ria, developed various strategies including the synthesis of biomolecular protectants.
Epilithic lichens form an upper layer that contains photoprotective compounds be-
cause of the exposure to solar radiation. Due to these pigments the organism is able
to protect itself against photoinhibition and UV damage [60, 61, 179,181, 183,185–188]
according to two mechanisms:

1. absorption of UV radiation by pigments such as melanin in Buellia frigida [61]
and parietin in Xanthoria elegans [179, 181, 189–191] to prevent that harmful
radiation damages other important molecules that participate in photosynthesis,

2. quenching of free radicals and, thus, preventing the formation of toxic singlet
oxygen [179,187], e.g. by carotenoids (β-carotene) [2, 181,183,188].

The colonization of ’shaded areas’ (endolithic lichens), e.g. under the surface or in-
side rocks [179, 192] is another protection strategy that shields from katabatic winds,
desiccation, as well as UV radiation.

Many studies were carried out to analyse the extent of the remarkable survivability of
extremophiles (lichens and cyanobacteria) and their individual components with the
results that they are commonly recognized as space-relevant candidates for potential
extant or extinct extraterrestrial life in astrobiological research [7–12, 60–66]. A small
selection of these studies is briefly mentioned in the following paragraph.

Meeßen et al. investigated the morphology, anatomy [60] and several secondary lichen
compounds that help to reduce photo- and UV damage [61] of five lichen species (Circi-
naria gyrosa, Rhizocarpon geographicum, Xanthoria elegans, Buellia frigida, Pleopsid-
ium chlorophanum). Sancho et al. [62] examined the survival capabilities of two lichens
(Rhizocarpon geographicum, Xanthoria elegans) when exposed to space conditions (UV
and cosmic radiation, vacuum and temperatures in the range of -22 ◦C to +21 ◦C) for 16
days in the BIOPAN-5 facility, located on an Earth satellite. Both lichens showed nearly
no decrease in photosynthetic activity compared to pre-flight measurements, indicating
a strong resistance against harsh space conditions. Another project included exposure
of a set of lichens and bacteria (cyanobacteria) to space vacuum and radiation for 10
days onboard the BIOPAN facility [66]. The stability of biomolecules and the surviv-
ability of extremophiles and their interaction with planetary analogue material (Mars,
Moon) under space and Mars-like conditions will be investigated in the Biology and
Mars Experiment (BIOMEX) project [63]. Within the framework of that project the
degradation of the carotenoid compound deinoxanthin (from Deinococcus radiodurans)
mixed with Mars analogue material after 469 days solar radiation exposure in low-Earth
orbit was investigated by Leuko et al. [65]. De Vera et al. [8, 9] examined the influ-
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ence of simulated space conditions (UV radiation and space vacuum) on the vitality of
two lichens (Fulgensia bracteata and Xanthoria elegans) and their isolated photobionts.
The lichens showed a high resistance against the simulated space conditions. Buellia
frigida mixed with Mars analogue material and the cyanobacteria Chroococcidiopsis
mixed with Mars and Moon analogue material were examined in further ground-based
simulation experiments of space and/or Mars-like conditions by Meeßen et al. [10] and
Baqué et al. [11,12], respectively. The Raman spectroscopic investigations of cyanobac-
teria in a simulated Mars environment (Mars analogue material) successfully identified
the signal of carotene [7].

Until now, at least, reasons for the preference of extremophiles and/or their individual
components as candidates for potential extant or extinct extraterrestrial life were dis-
cussed. However, in the end, the answer to the question whether or not extraterrestrial
life existed or still exists depends also on the detection capability. Here, it should be
noted that the potential of Raman spectroscopy as an appropriate technique for future
planetary missions is confirmed in various studies [1, 2, 67–69]. A space-application of
this technique would require the development of a database containing Raman spec-
troscopic data of space-relevant biomarkers [1–4]. In this context, several studies deal
with the Raman spectroscopic investigation of extremophiles such as Xanthoria ele-
gans [183,189,190,193–195], Buellia frigida [196–202] and Circinaria gyrosa [203–206]
or key biomolecules. These samples are also of relevance to this thesis and are in-
vestigated by different techniques based on Raman spectroscopy in the course of this
study.
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Chapter 3

Raman spectroscopy for
planetary research

This chapter emphasizes the advantages of Raman spectroscopy and introduces state-
of-the-art miniaturized Raman systems with regard to field applications and in the
context of future space-mission with a Raman spectrometer onboard.

3.1 Raman spectroscopy for the analysis of space-relevant
samples

The previous chapter provides an overview of the surface composition of various planets
and moons. Since these information were obtained by using different kinds of tech-
niques the question arises whether or not Raman spectroscopy can provide additional
information and, thus, contribute to the detection and identification of the chemical
composition of extraterrestrial (sub)surface material. The response to this question is
the first step to evaluate whether or not a space-application of a Raman device can
be taken into consideration. In practice, this involves the Raman spectroscopic inves-
tigation of terrestrial analogue materials or meteorites (e.g. Mars meteorites) in the
laboratory. This can include various biological materials which are able to resist the
harsh conditions on solar system bodies (see Section 2) and pure minerals as well as
mineral mixtures which are, among others, (in)directly related to the possible exis-
tence of extant or extinct extraterrestrial life. A small selection of Raman spectra of
space-relevant materials is shown in Figure 3.1.

As a result, Raman spectroscopy is able to yield complementary information, since one
of the special features of Raman spectroscopy is the simultaneous identification
of mineralogical and biological material in a small sample spot. In principle,
the fact that these samples can be detected and identified by means of their well-
resolved Raman features shows that the investigation of extraterrestrial bodies due
to this technique is possible. Further systematic investigations as well as the most
possible realistic simulation of the actual situation on a certain body are necessary. This
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requires consideration of the influence of corresponding environmental conditions such
as temperature, pressure, atmospheric composition and cosmic radiation on minerals
and biological materials. In this way, a reference data base containing Raman spectra
expected to be obtained on extraterrestrial bodies can be developed.

Figure 3.1: Typical stacked Raman spectra of a selection of space-relevant minerals (left) and
samples possibly related to extraterrestrial life (right).

However, it shall in no way be omitted that Raman spectroscopy, as other analytical
techniques, faces certain constraints. For example, a low scattering efficiency leads
to weak signals, which requires photon collecting optics. Furthermore, materials such
as metals or diatomic salts are Raman-inactive and, thus, can not be investigated
using this technique. Finally, one of the biggest problems and topic of this thesis is
the suffering from luminescence which is an accompanying process induced by optical
excitation.

3.2 Advantages of Raman spectroscopy for planetary in-
situ exploration

Raman spectroscopy is an analytical technique and, in general, a non-destructive and
non-invasive method providing structural and chemical information of a sample. This
allows for the investigation and identification of inorganic material or even potential
signs of extant or extinct extraterrestrial life without inducing irreversible consequences
such as damaging or even destroying the sample. Thus, it does not interfere with any
other measurement, that might be performed on the same sample. Furthermore, the
Raman spectroscopic investigation of opaque as well as translucent and transparent
samples is possible. Even samples in their different aggregate states (solid, liquid, gas)
can be characterized by means of this technique.

The Raman spectroscopic investigation of these samples does not require any sample
preparation. The measurement process (detection of Raman spectra) is relatively fast,
which means that the full data acquisition is done in less than minutes and, thus,
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power consumption, which is an issue in space-application, is kept low. As a result a
fingerprint spectrum is obtained, which can be used for the identification of unknown
sample. If desired, a high spatial resolution (1µm − 2µm) can be acquired, whereby
this, in particular, is reached by using a Raman microscope in the laboratory and
besides depends on the excitation wavelength (the shorter the excitation wavelength,
the higher the resolution). However, for space-applications a resolution of several tens
to hundred micrometers is more realistic.

Another advantage, especially in the context of space applications, is the complemen-
tarity with other analytical techniques such as infrared spectroscopy and laser-induced
breakdown spectroscopy (LIBS). The latter provides the elemental composition of a
sample. For instance, water shows strong absorption in infrared spectroscopy. This
problem can be solved by using Raman spectroscopy, since water is a weak Raman
scatterer. This does not only increase the information content but there is also the
possibility to share instrument components such as entrance optics, spectrometer, etc.
This, in turn, offers the opportunity to build an overall system consisting of two tech-
niques (Raman spectroscopy and LIBS), that is more compact and more light-weighted
than both systems on its own.

In the context of a planetary application, Raman spectroscopy can also play an im-
portant role for in-situ detection of terrestrial contaminants (e.g. propellant). Finally,
Raman systems can be adapted to landing missions on an asteroid or other solar system
bodies (e.g. Mars) for surface or subsurface characterization. Here, various components
of the Raman system can be positioned on different parts of the rover or lander. Thus,
for example, the probe head including laser excitation and detection optics could be
mounted on a movable robotic arm. By using optical fibers the probe head could be
connected to the spectrometer and detector units inside the rover or lander.

3.3 State-of-the-art

3.3.1 Terrestrial application

The several variations of Raman spectroscopy enable a versatile application. Some
generally known types of Raman spectroscopy as well as scope of applications are listed
in Table 3.1. Technological progress in the area of lasers, spectrometers and detectors
expand the range of applications and improve the analytical performance of Raman
spectroscopy. In addition to numerous bench-top systems in the laboratory, portable
Raman spectrometers are established nowadays and become more popular due to the
possibility of field applications. This is supported by advantages such as commercially
availability and low purchase costs. The different requirements of the hand-held systems
led to the implementations of various types of Raman spectroscopy. Hence, among
the ’conventional’ Raman spectroscopy [75–80] also in combination with an endoscope
[81], other variants such as SERS (surface-enhanced Raman spectroscopy) [70,71], SSE
(sequentially shifted excitation Raman spectroscopy) [72], SERDS (shifted excitation
Raman difference spectroscopy) [73], TRRS (time-resolved Raman spectroscopy) [74],
etc. are applied.
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Spontaneous Raman Spectroscopy (RS)
Surface-Enhanced Raman Spectroscopy (SERS)
Resonance Raman Spectroscopy (RR)
Surface-Enhanced Resonance Raman Spectroscopy (SERRS)
Stimulated Raman Spectroscopy (SRS)
Spatially Offset Raman Spectroscopy (SORS)
Coherent Anti-Stokes Raman Spectroscopy (CARS)
Raman Optical Activity (ROA)
Tip-Enhanced Raman Spectroscopy (TERS)
Time-Resolved Raman Spectroscopy (TRRS)
Shifted-Excitation Raman Difference Spectroscopy (SERDS)
Remote Raman Spectroscopy (RRS)

Variants
of Raman
spectroscopy

Fourier Transform-Raman Spectroscopy (FT-RS)
Laser Exc. Wavelength
He-Ag laser 224 nm
KrF excimer laser 248 nm
Ne-Cu laser 248 nm
Nd:YAG laser 266 nm
He-Ce laser 325 nm
Ar-ion laser 351 nm
Kr-ion laser 413 nm
Ar-ion laser 488 nm
Ar-ion laser 514.5 nm
Nd:YAG laser 532 nm
He-Ne laser 633 nm
Kr-ion laser 647 nm
Diode laser 785 nm − 980 nm
Nd:YAG laser 1064 nm
Spectrometer
Dispersive Raman Spectrometer (grating spectrometer)
Fiber Dispersed Raman Spectroscopy [207,208]
FT-Raman Spectrometer
Detector Sensitivity Range
Photomultiplier Tubes (PMT) 200 nm − 900 nm
Silicon Charge Coupled Device (CCD) 300 nm − 1000 nm
Intensified Charge Coupled Device (ICCD) 300 nm − 1000 nm
(Complementary metal-oxide-semiconductor (CMOS)) 300 nm − 1000 nm
Single Photon Avalanche Diode (SPAD) [209,210]
InGaAs-Detector 900 nm − 1600 nm

Instrumental
components

liquid nitrogen cooled Ge-Detector 900 nm − 1600 nm
chemistry and physics, biology and medicine, life science
geology and mineralogy, environmental sciences
security research (explosives)
investigation of art objects
characterization of gems
forensic science

Applications

food science

Table 3.1: A choice of different variants of Raman spectroscopy, instrumental components
and fields of application. Information on laser types and excitation wavelengths, the sensitivity
range of the detectors and application fields are collected from [211] and [6], respectively.
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3.3.2 Future space missions with a Raman spectrometer onboard

Raman spectroscopy is a very powerful tool for in-situ analysis of extraterrestrial surface
or subsurface material. However, Raman spectrometers are not yet part of the applied
techniques in space but will be included in future extraterrestrial missions as ExoMars
and Mars 2020. A mission to the Earth’s Moon with a Raman spectrometer onboard
is discussed by ESA and ISRO and a lander to currently undefined planetary objects
is proposed by NASA.

3.3.2.1 ExoMars 2020 [13–16]

The Raman Laser Spectrometer (RLS) will be part of the joint ESA and Roscosmos
Mars exploration mission scheduled to be launched in 2020 (ExoMars 2020). Apart
from the RLS two other important instruments, the MicrOmega (Micro observatoire
pour la mineralogie, l’eau, les glaces et l’activité) and MOMA (Mars organic molecule
analyzer), are part of the analytical laboratory drawer (ALD) and, thus, of the Pasteur
payload. The Mars rover will be equipped with a drill which allows collecting surface
as well as subsurface (up to 2 m) material. The material will be crushed to powder
with average grain sizes of 250µm before it will be analysed by the RLS and other
instruments present in the ALD. Sample transport from one instrument to the other is
realized by a rotating carrousel within the rover. Technical parameters of the RLS are
given in Table 3.2.

The main scientific objects of this mission are the search for traces of past or present life
(biosignatures) and the characterization of subsurface material with regard to water-
related and alteration processes.

3.3.2.2 Mars 2020

SuperCam [17–21]

NASA’s Mars 2020 rover mission is scheduled to launch in 2020. It will contain two dif-
ferent Raman setups. The first setup, named, remote Raman spectroscopy is part of the
SuperCam instrument suite that also provides four other remote techniques. These in-
clude remote visible and infrared reflectance spectroscopy (VISIR) for the investigation
of mineralogy, remote laser-induced breakdown spectroscopy (LIBS) for the analysis of
elemental chemistry, color remote micro-imaging (RMI) to provide information about
morphology and microphone for acoustic information.

Stand-off Raman spectra of the Martian surface will be obtained from distances up
to 12 m. Measurements will be performed using a frequency doubled Nd:YAG laser
(532 nm). The Raman signal will be collected via a telescope (110 mm) mounted on a
rover mast and subsequently transferred by 6 m optical fibers to the spectrometer and
the intensified detector inside the rover. A pulsed excitation shall minimize fluorescence
contributions.
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SHERLOC [20, 22,23]

Apart from the SuperCam instrument, SHERLOC (The Scanning Habitable Envi-
ronments with Raman & Luminescence for Organics & Chemicals) will also be part
of the Mars 2020 payload. This involves a Raman instrument that operates in the
deep UV (NeCu laser at 248.6 nm) to take advantage of the pre-resonance/resonance
effect, especially of organics, enhancing the Raman signal. Besides, luminescence from
minerals is usually very weak in this spectral region and luminescence emission from
organics typically does not appear below 300 nm. Thus, this arm mounted instrument
particularly focuses on the detection of organic matter, whereby measurements can be
performed in a 7x7 mm area.

The overall defined scientific goal of this mission is to find an answer to the question
whether or not Mars host or hosted life. In the context of habitability, a primary task
will be to analyse the mineralogical composition of the Martian surface and the search
for organics and biosignatures. Information about alteration and aqueous processes are
of interest, provided by the investigation of volatiles and the texture of rocks. Future
human explorations can take advantage of a detailed characterization of the Martian
atmosphere.

3.3.2.3 European Lunar Lander [28]

The European Lunar Lander is a mission to the Earth’s Moon proposed by ESA. An
integrated Raman-LIBS spectrometer is discussed as a payload for the investigation of
the mineralogical and elemental composition of the lunar surface. LIBS can be used to
ablate the space weathered surface material to get access to subsurface material.

3.3.2.4 MLRS [29]

The Laboratory for Electro-Optics Systems (LEOS) of the Indian Space Research Or-
ganization (ISRO) currently develops a Mini Laser Raman Spectroscope (MLRS) for
future rover missions to Mars and the Earth’s Moon. The design includes a continuous
wave laser diode emitting light at 785 nm with a laser power of 80 mW. This long
excitation wavelength was chosen in order to prevent the excitation of luminescence
emission. The collected Raman signal is directed into the spectrometer with a spectral
range of 200 cm−1 − 3200 cm−1 before it reaches the CCD.

3.3.2.5 CIRS/MMRS [30–34]

The development of an in-situ Mars Microbeam Raman Spectrometer (MMRS) and
Compact Integrated Raman Spectrometer (CIRS) for future applications on Mars or
Venus or potentially on the Earth’s Moon is supported by NASA. The performance of
both prototypes was already tested in various field tests, e.g. Atacama. The current
design includes a continuous wave excitation laser at 532 nm, a spectrometer with
a spectral range of 183 cm−1 − 4432 cm−1 (CIRS), and 200 cm−1 − 1800 cm−1 and
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2500 cm−1 − 4000 cm−1 (MMRS) and a silicon-based CCD camera. To handle the
problem of luminescence emission in the Raman spectra, CIRS can shift its excitation
wavelength (8 cm−1) by tuning the temperature and, thus, applying Shifted Excitation
Raman Difference Spectroscopy (SERDS).

Parameters RLS SuperCam SHERLOC CIRS MMRS
Excitation wavelength [nm] 532 (cw) 532 (pulsed) 248.6 (cw) 532 (cw) 532 (cw)

200−1800Spectral range [cm−1] 150−3800 150−7000 - 183−4432 2500−4000
6 (low part)Spectral resolution [cm−1] 8 (high part) 10 - 8−9 7

Spectral accuracy [cm−1] 1 - - - <2
Spot diameter [µm] 50 8000 50 35.7 10
Laser power [mW] ∼43 <11 mJ - - 10

CCD ICCD - CCD CCDDetector 2048x512 - - - 1088x1088
∼2.5 (spectro-Total mass [kg] meter unit 840 g) - - - 2.5

35 Wh forPower consumption [W] 25−36 - - - 100 spectra
Full performance [◦C] -40−0 -30−+10 - - -

Table 3.2: Technical parameters of future extraterrestrial exploration missions with a Raman
spectrometer onboard. The lack of some parameters is due to the fact that further information
were not available during the preparation of this thesis.

By means of these future missions and the parameter listed in Table 3.2, conclusions
can be drawn to what extent a space-application of the Raman techniques and Ra-
man setups analysed in this thesis is realistic. This is discussed in Chapter 12 after
the potential of each of the five Raman techniques for luminescence suppression was
evaluated.
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Chapter 4

Photophysical processes

This chapter provides a better understanding of the theoretical foundations, on which
this thesis is based. Various radiation processes resulting from an optical excitation of
a medium, can be displayed schematically in a Jablonski diagram; see Figure 4.1. A
general description can be found in [212]. On the basis of a four electronic level system
of a molecule, the different processes are shown. The energy levels of the molecule are
presented by horizontal lines, whereas the respective electronic states are summarized
in groups. The lowest electronic state refers to the electronic ground state S0. It is
characterized by the lowest energy. All other electronic states are excited singlet (S1
and S2) or triplet (T1) states. The superscript identifies the relative energy value of a
state.

Figure 4.1: Schematic representation of different interactions of electromagnetic radiation
and matter in the Jablonski diagram. The different coloured arrows represent the individual
photophysical processes; green: absorption, yellow: internal conversion and vibrational relax-
ation, red: fluorescence emission, light-blue: Rayleigh radiation, blue: Stokes scattering and
anti-Stokes scattering, violet: quenching, dark-blue: intersystem crossing, dark-red: phospho-
rescence emission.
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Each electronic state consists of several vibrational levels. Here, for each electronic state
five vibrational levels (ν = 0,. . . , 5) are displayed. To provide a better overview, it is
dispense with a more detailed presentation of the subdivision of the single vibrational
levels into several rotational levels.

Transitions between the different electronic states and vibrational levels are highlighted
by different coloured arrows according to the photophysical process. The solid arrows
represent radiative transitions, whereas non-radiative transitions are marked by dotted
arrows. For instance, absorption of a photon (green arrows) can occur, when elec-
tromagnetic radiation has a photon energy which matches the energy of an allowed
vibronic or electronic transition of a molecule.

S0 + hν → Sn

Depending on the distance of the energy levels and the energy of the electromagnetic
radiation, the molecule is raised from an electronic ground state S0 into a higher rota-
tional level (microwave excitation) or vibrational level (infrared excitation) or a higher
electronic state S1, S2 (excitation in the ultraviolet or visible spectral range). This
is a very fast process (10−15 s). Subsequently, the so-called internal conversion and
vibrational relaxation (yellow arrows) follows into the lowest vibrational level of the S1
state. These are non-radiative transitions. The internal conversion is the non-radiative
transition from an electronic state of higher energy into the next following electronic
state of lower energy of the same multiplicity. The vibrational relaxation is between
vibrational levels and rotational levels. Here, the molecule can return to its ground
state S0 due to emission of a photon (fluorescence; red arrows) or a non-radiative
transition (quenching; violet dotted arrows). Furthermore, a non-radiative transition
between the singlet S1 and the triplet T1 (dark blue dotted arrow) can occur, referred
to as intersystem crossing only possible in the presence of overlapping vibrational lev-
els. The vibrational relaxation in the vibrational ground state of the electronic triplet
state is followed by a transition to the electronic ground state S0 due to emission of
a photon (phosphorescence; dark red arrows) or once again quenching. In the ground
state follows again the vibrational relaxation. Both the intersystem crossing as well as
the phosphorescence are forbidden-transitions. The multiplicity changes (electron spin
reversal), which results in a longer lifetime compared to that of S1.

Further processes are elastic scattering implying, among others, Rayleigh scattering
(light-blue arrows) and the inelastic scattering also known as Raman scattering (Stokes:
blue arrows and anti-Stokes: dark-blue arrows). Elastic scattering is defined by the
same energy as the incident light, whereas inelastic scattering is characterized by an
increase or decrease of energy [213].

The individual radiative and non-radiative processes are described in more detail in the
following sections. Here, it shall be mentioned already that each of these photophysical
processes is characterized by different lifetimes. A summary of characteristic lifetimes
is given in Figure 4.2.
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Figure 4.2: Characteristic lifetimes of the different radiative and non-radiative processes
following optical excitation of an organic molecule (in a solvent). The values for the individual
processes vary depending on the different surroundings and different literature sources, e.g.
[214–216]. The variation is indicated by partially coloured squares. Note that these values can
vary when considering the photophysical processes in solids [217].

4.1 Fundamental Considerations: Absorption and emis-
sion according to Einstein

As early as 1916, Albert Einstein published the rate equations for the description of
the interaction of electromagnetic radiation with matter (atom). He distinguished
three processes: the process of absorption, spontaneous emission and stimulated emis-
sion. The description of the interaction processes is based on the assumption that the
examined atom owns two discrete energy states Ei and Ek with Ei < Ek and is located
in a radiation field of the spectral energy density ρ(ν) (see Figure 4.3). The following
explanation is based on [218].

Figure 4.3: Schematic representation of the three different processes of absorption (left), spon-
taneous emission (middle) and stimulated emission (right). Bi→k, Ak→i and Bk→i represent the
transition probabilities and are known as Einstein coefficients. The transitions occur between
the two discrete energy states Ei and Ek with corresponding densities of atoms Ni and Nk.
Own representation based on [218]

If electromagnetic radiation hits the atom, a photon can be absorbed provided that ∆E
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= Ek – Ei = hν. The photon disappears while the atom is being raised from the lower
energetic state |i⟩ to the higher energetic state |k⟩. The number of these transitions
from |i⟩ to |k⟩ per unit time t is provided by:

dNi→k

dt
= Bi→kρ(ν)Ni (4.1)

where Ni is the occupation number of the lower energetic state |i⟩ and the constant
of proportionality Bi→k is known as the Einstein coefficient giving the probability of a
transition per time and radiation density.

The second and third process of spontaneous and stimulated emission occurs from the
higher energetic state |k⟩ to the lower energetic state |i⟩ by emitting a photon of the
energy ∆E = Ek – Ei. The number of transitions from |k⟩ to |i⟩ per unit time is
provided by the sum of the transitions caused by spontaneous and stimulated emission:

dNk→i

dt
= NkAk→i +NkBk→iρ(ν) (4.2)

where Nk is the occupation number of the higher energetic state |k⟩, whereas Ak→i and
Bk→i represent the proportional constants (Einstein coefficients) for spontaneous and
stimulated emission, respectively. Assuming that the atom is in thermal equilibrium
with the electromagnetic field with ρ(ν), as many transitions from |i⟩ to |k⟩ (absorption)
as from |k⟩ to |i⟩ occur. Hence, the following applies:

NiBi→kρ(ν) = Nk(Ak→i +Bk→iρ(ν))→ Nk

Ni
= Bi→kρ(ν)
Ak→i +Bk→iρ(ν) (4.3)

Furthermore, the distribution of particles on the different energy states can be described
by the Boltzmann distribution:

Nk

Ni
= gk

gi
e

− Ek−Ei
kBT (4.4)

where g represents the degree of degeneration of an energy level, kB is the Boltzmann
constant and T is the temperature. Using Planck’s law and equation (4.3) the following
relation of the Einstein coefficients can be derived from equation (4.4):

Bi→k = gk

gi
Bk→i Ak→i = 8πhν3

c3 Bk→i (4.5)

Hence, the probability of absorbing a photon is proportional to the probability of the
spontaneous emission of a photon.

4.1.1 Quantum mechanical description

If the interaction between electromagnetic radiation and matter (atom, molecule) should
be described exactly, the problem needs to be taken care of quantum mechanically. For
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the detailed quantum mechanical treatment of that problem see [212, 218]. Here, only
a short summary of the procedure is presented. The three processes of absorption,
spontaneous and stimulated emission are described by the time-dependent perturba-
tion theory. The starting point is the Schrödinger equation, which describes a molecule
with K nuclei and N electrons in the state of the total energy E and needs to be solved.

iℏΨ̇ = HΨ with H = H0 +HS = HEl−K −HL +HS (4.6)

For this purpose, the form of a Hamiltonian consisting of an undisturbed part H0 =
HEl−K − HL and a perturbation operator HS needs to be defined. HEl−K is composed
of the kinetic energy of the electrons (El) and the kinetic energy of the nuclei (K) as
well as all kinds of Coulomb interactions between these particles. HL describes the
electromagnetic field and HS explains the interaction between the light field and the
electrons and nuclei of the molecule. Furthermore, the wave functions of the initial and
final state need to be defined. The initial state φk is defined by the radiation field and
the molecule, which have not interacted yet.

φk = φQa(r⃗, R⃗)ψa (4.7)

Analogously, the final state φµ is given by:

φµ = φQe(r⃗, R⃗)ψe (4.8)

φQa,Qe refers to the coupled movement of the electrons and the nuclei. Hence, it is
dependent from the electronic coordinates r⃗ as well as the nuclear coordinates R⃗, while
ψa,e is the wave function of the radiation field. Qa and Qe refer to the quantum numbers
of the whole system (electrons and nucleus) in the initial and final state, respectively.

If both the Hamiltonian and the wave functions are determined, the absolute value
of the matrix elements of the perturbed operator can be calculated and, thus, the
transition probability per second can be determined (average number of the transitions
a molecule performs per second by absorption or emission). This corresponds to the
Einstein coefficients introduced by Albert Einstein. The transition probability is defined
by the generally valid equation (Fermi’s Golden Rule):

W = 2π
ℏ
∑︂
µ∈Ω

δ(Eµ − Ek)
⃓⃓⃓
HS

µk

⃓⃓⃓2
(4.9)

where k is the initial state and ℏ serves as the Planck constant. The conservation of
energy is guaranteed by the delta distribution. The sum is over all quantum numbers µ
of final states, whereby these final states are considered to be ‘continuous’. Ω represents
an interval of the quasi-continuum, which is defined by closely-spaced discrete energy
levels.

The matrix elements are analysed by applying, among others, the Born-Oppenheimer
approximation. Under the assumption that the nuclei due to their greater masses
compared to those of the electrons react much slower on acting forces this approximation
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results in the decoupling of the electronic and nuclear motions. This also implies that
the electrons follow the nucleus as soon as it moves. Thus, the wave functions can
be separated into the electronic wave function ϕqa(r⃗, R⃗) and nuclear wave function
χqa,Ka(R⃗) as follows:

ϕQa(r⃗, R⃗) = ϕqa(r⃗, R⃗)χqa,Ka(R⃗) (4.10)

where qa and Ka are the quantum numbers of the electronic and nuclear system, re-
spectively, in the initial state. The electronic wave function depends on the electronic
coordinates r⃗ as well as nuclear coordinates R⃗, whereas the nuclear wave function solely
depends on the nuclear coordinates R⃗.

Since the electronic motion is much faster than the nuclear motion, the position and
velocity of the nucleus will not change significantly when an electronic transition oc-
curs. As a consequence, usually ’vertical transitions’ appear, whereby those transitions
between vibrational levels are preferred where the occupation probability of the nucleus
is greatest (maximum amplitude of vibrational wave functions). This is also known as
vertical transitions (Franck-Condon Principle).

4.2 Luminescence (fluorescence and phosphorescence)

The following description of the luminescence process and the luminescence lifetime is
based on [217, 219]. The starting point is the absorption of a photon and the related
excitation from the ground state S0 into a higher energetic state Sn (with energy S0 <
Sn).

S0 + hν → Sn (4.11)

The subsequent deactivation (depopulation) is realized by various radiative and non-
radiative processes. Fluorescence (delayed) and phosphorescence and the related relax-
ation in the ground state S0 belong to the radiative processes.

S1 → S0 + hν (4.12)

T1 → S0 + hν (4.13)

Fluorescence is the radiative transition (spontaneous emission) out of the lowest vi-
brational level ν0 of the first excited electronic singlet state S1 (0S1) to various higher
vibrational levels ν0,...,n of the ground state S0 (0,...,nS0). Due to the high number and
small distances of vibrational levels of the ground state, photons of various energies
(or wavelengths) are emitted. This results in fluorescence generally not showing sharp
emission lines but rather broad bands. However, the multiplicity (spin) does not vary
in this transition. Therefore, it is a spin-allowed transition always occurring out of
the lowest vibrational level of S1 (Kasha’s rule). This means, initially the vibrational
relaxation in the 0S1 state, also partly initiated by quenching mechanisms, takes place
(achievement of thermodynamic equilibrium). Thereupon, the emission of photons
with longer wavelengths (fluorescence) compared to those of the absorption process
(Stokes-shift) takes place [220]. In contrast to fluorescence emission, phosphorescence
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is a radiative transition out of the lowest vibrational level ν0 of the first excited elec-
tronic triplet state T1 (0T1) to various higher vibrational levels ν0,...,n of the ground
state S0 (0,...,nS0).

4.2.1 Lifetime

The fluorescence lifetime τ is the average time (fluorescence emission is a random
process) a fluorophore remains in the electronic state S1 after excitation before it returns
to the ground state 0,...,nS0. It is defined as the inverse of the sum of the diverse rate
constants k (number of transitions per second) of the deactivation processes of 0S1.

τ = 1
kF + kNR

= 1
kF + kIC + kV R + kISC + kQ

(4.14)

where kF is the rate constant of the radiative transition (fluorescence) and kNR is
composed of the rate constants of the non-radiative transitions (kIC : internal con-
version, kV R: vibrational relaxation, kISC : intersystem crossing, kQ: quenching). If
non-radiative processes are excluded the equation reduces to:

τ0 = 1
kF

= 1
A1→0

(4.15)

where τ0 is characterized as the (natural) intrinsic fluorescence lifetime and A1→0 is the
Einstein coefficient of the spontaneous emission (see Section 4.1, equation (4.5) with k
= 1 and i = 0). Finally, the quantum yield of fluorescence ϕ which is defined as the
ratio of the examined lifetime and the intrinsic lifetime can be determined:

ϕ = τ

τ0
= kF

kF + kNR
< 1 with τ < τ0 (4.16)

The quantum yield of fluorescence can be understood as the ratio of the number of
emitted photons to the number of absorbed photons. This is always less than one
due to radiationless losses. Furthermore, the rate equation describing the amount of
transitions from 0S1 to the ground state S0 is obtained.

d

dt
N(t) = (kF + kNR)N(t) (4.17)

Integration leads to:
N(t) = N0(t)e− t

τ (4.18)

If a big amount of molecules (e.g. in solids) is considered, the proportionality of the
intensity I to the number of fluorophores N applies; I(t) ∝ N(t). This results in the
relaxation equation for the monoexponential intensity decay:

I(t) = I0(t)e− t
τ (4.19)
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However, if the examined system is characterized by various fluorophores having an
individual decay time each, the intensity decay can not anymore be described by a
monoexponential function. In that case a multiexponential function is needed.

I(t) =
∑︂

i

αie
− t

τi (4.20)

where αi and τi can be determined experimentally via a matching fit to the fluorescence
decay curve.

4.2.2 Luminescence of organic molecules

Luminescence emission of organic compounds in the near ultraviolet, visible and near-
infrared spectral range is often caused by systems of alternating single and double
bonds. These systems are also called conjugated π electron systems and characterized
by loosely bound (delocalized) π electrons [24]. To understand the origin of this conju-
gation, the interaction of atomic orbitals and, thus, the formation of molecular orbitals
have to be considered.

The lowest energetic orbital of the C-atom is the 1s orbital occupied by 2 electrons. It
follows the higher energetic 2s and 2p orbitals each with 2 electrons. Thus, the electronic
configuration of a free C-atom in its ground state is: 1s22s22p2. It should be noted that
this configuration changes to 1s22s2p3 when a bound C-atom is considered. Here, one of
the two electrons in the 2s state is excited to the 2p state by an external perturbation
(e.g. nearby hydrogen) which is sufficient to overcome the small energy difference
between both states [221]. The double bond between two C atoms is generated by the
sp2 hybridisation of the carbon atom’s 2s and 2p (2px and 2py) orbitals. This results
in three planar sp2 orbitals separated by a 120◦ angle and one remaining pz orbital
perpendicular to the three sp2 orbital plane; see Figure 4.4. The double bond is, on

Figure 4.4: Electronic configuration of carbon in its ground state (left) and in its excited state
(middle). Sp2 Hybridisation of the carbon atom’s orbitals (right). Own representation based
on [222,223].

the one hand, generated by the overlap of one sp2 orbital of each carbon atom forming
the σ-bond and on the other hand, by the electrons in the non-hybridized parallel
pz orbitals forming the π-bond; see Figure 4.5. The remaining two sp2 orbitals can
form other σ-bonds through the overlap with the 1s orbital of, e.g. a hydrogen atom
(s-sp2-bond).
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Figure 4.5: The formation of σ- and π-bonds leads to the generation of a double bond.
The black dotted line indicates a continuation of the molecule. Own representation based
on [222,223].

Expanding the molecule to a system of alternating single and double bonds leads to
the delocalization of π-electrons above and below the molecular plane along the entire
length of the conjugated chain; see Figure 4.6.

Figure 4.6: Schematic representation of a molecule with delocalized π-electrons above and
below the molecular plane. Own representation based on [222].

Under the assumption of non-interacting π-electrons, the energies of this system can
be approximated by the ’particle in the box’ model [224]. This assumption is applied
due to the fact that the electrons will spread out and, thus, minimize the electron-
electron repulsion. In the framework of this model, the length of the conjugated system
corresponds to the length of the box L and the constant potential energy of the electrons
within the box changes to infinity at both ends of the box (0 and L). The latter prevents
the electron from leaving the box (the conjugated system) where on the outside only σ-
bonds exist. In order to obtain the wave functions Ψn (molecular orbitals) and energies
En (orbital energies) to this problem, the Schrödinger equation has to be solved.

Ψn =
√︄

2
L
sin

(︃
nπx

L

)︃
and En = n2h2

8mL2 (4.21)

where n is the quantum number, L is the length of the molecular box, m is the mass
of the electron, h is the Planck constant and x is the spatial variable (displacement
along the molecular backbone). In consideration of the spin properties and Pauli’s
exclusion principle, the electronic states of a system with N π-electrons (N is usually
an even number) can be constructed. The lower states are filled with two electrons each
until the HOMO (highest occupied molecular orbital) is reached. The higher states are
empty. This is the ground state of the molecule. After excitation, an electron from the
HOMO is transferred to the LUMO (lowest unoccupied molecular orbital), whereby
the energy difference of both states is expressed by:
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∆E = ELUMO − EHOMO = h2

8mL2 (n2
LUMO − n2

HOMO) (4.22)

This electronic transition (absorption) only occurs when the photon has the appropriate
energy, given by the Planck relationship:

E = hν = hc

λ
(4.23)

where ν is the frequency, c is the speed of light and λ is the wavelength. Since the
number of the lowest levels of a system with N π-electrons is equal to N/2 the transition
energy can be rewritten:

∆E = h2

8mL2 (N + 1) → λ = 8mc
h

L2

(N + 1) (4.24)

As a result of the ’particle in the box’ model, the absorption wavelength for organic
molecules with a conjugated system can be predicted by the length of the molecular box
and the number of π-electrons. This approximation shows that the energy difference
between the HOMO and LUMO decreases with increasing length of the box and, thus,
length of the conjugated molecule. In other words, molecules with a short conjugated
chain absorb light of short wavelengths and molecules with a longer conjugated chain
absorb light of longer wavelengths; see Figure 4.7.

Figure 4.7: The energy difference of the HOMO and LUMO of organic molecules decreases
with increasing conjugated length [225]. As a consequence the absorption wavelength increases
and the emission of light occurs in the near ultraviolet, visible and near-infrared spectral range.
Own representation based on [226].
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In the latter case, electrons are easier to excite so that electromagnetic radiation in the
visible range is already sufficient. The electronic transition of this process usually oc-
curs between the bonding π-orbital (HOMO) and the antibonding π*-orbital (LUMO).
The disadvantage of these organic molecules in Raman spectroscopy is the resulting
luminescence emission in the visible range.

The study by Kuhn [227] provides good agreements of the theoretical and experimen-
tal results regarding the wavelength of maximum absorption, whereby the cases of a
constant and of a periodically varying potential within the box are considered. Finally,
it should be noted that a conjugated π-electron system can occur in chain structured
(e.g. β-carotene) as well as cyclic structured (e.g. fluorescein) molecules [24] and that
functional groups may influence the absorption properties.

4.2.3 Luminescence in minerals

Luminescence emission in minerals is generally caused by so-called luminescence centers
or activators in the host mineral. These luminescence centers are either ions that are
incorporated into interstitial sites or ions substituting cations in the host lattice [25,82].
Substitution by a rare earth ion follows the so-called Goldschmidt’s rules stating that
the ionic radius and the charge of the ion has to be similar to those of the cation to be
replaced [228]. More precisely, the difference of ionic radius of both the substituting ion
and the ion to be replaced, must not differ by more than 15% and the charge difference
has to be less than 1. Besides, luminescence can also have an intrinsic origin or it
can be the result of structural imperfections (defects) due to poor ordering, radiation
damage or shock damage [82]. A selection of common luminescence centers is given in
Table 4.1. The following discussion is mainly based on the monograph by Sickafus et
al. [229], whereby further references are explicitly referred to.

4fn REE Ground level
4f0 La3+, Ce4+ 1S0
4f1 Ce3+, Pr4+ 2F5/2
4f2 Pr3+ 3H4
4f3 Nd3+ 4I9/2
4f4 Pm3+ 5I4
4f5 Sm3+ 6H5/2
4f6 Eu3+, Sm2+ 7F0
4f7 Gd3+, Tb4+, Eu2+ 8S7/2
4f8 Tb3+, Dy4+ 7F6
4f9 Dy3+ 6H15/2
4f10 Ho3+ 5I8
4f11 Er3+ 4I15/2
4f12 Tm3+ 3H6
4f13 Yb3+, Tm2+ 2F7/2
4f14 Lu3+, Yb2+ 1S0

Table 4.1: Rare earth ions with 4fn configurations and their ground levels [230].

A distinction between Raman signals and luminescence emission can be difficult in
some cases, especially when the luminescence center in the crystalline host is a rare
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earth element (REE) with 4f electronic configuration. These trivalent (triply ionized)
REEs with their partially filled 4f-shell exhibit narrowband luminescence lines which
can be mistaken for Raman lines. Since all other electronic-shells are completely filled,
radiative (intraconfigurational) transitions occur between 4fn states such as 4f-4f tran-
sitions. However, it should be noted that these transitions are parity-forbidden in the
case of a free ion but partially allowed in the presence of a crystalline environment
whose electrostatic field interacts with the electrons in the 4f state and, thus, destroys
the spherical symmetry of the ion [231]. As a consequence, after the splitting of energy
states of the 4fn level of the free rare earth ion firstly, due to large electron-electron
or coulomb interaction (repulsion of unpaired 4f electrons) and secondly, due to the
spin-orbit coupling, a further splitting (Stark splitting) of the energy states of the REE
within the crystal field due to the surrounding ions occurs [229,230]; see Figure 4.8. The
latter depends on several parameters such as site symmetry, charge of the surrounding
ions, interatomic distance to the surrounding ions, etc. [232].

Figure 4.8: Schematic representation of the splitting of energy states of a rare earth ion with
4fn configuration. Own representation based on [230].

However, the interaction of the crystal field and the 4f shell of the rare earth ion is
weak because of the completely filled outer 5s2 and 5p6 shells which have a shielding
effect [231]. Thus, the optically active electrons are protected from small perturbations
of the crystal field leading to the possibility to (in first approximation) consider the
4fn states of the ion in the host matrix as the energy states of a free ion. As a result,
the emission spectrum of a trivalent REE in a crystalline environment is characterized
by luminescence features with narrow linewidths [231]. Since the 4f-4f transitions of
the REE in the host matrix are only partially allowed, the corresponding lifetimes are
long (100µs − 10 ms [233] or ∼10µs − 1 ms) [25]. Typical rare earth ions with 4f-4f
transitions are Nd3+, Sm3+, Sm2+, Eu3+, Gd3+, Tb3+, Dy3+ and Yb3+ [25].

Apart from REEs with emissions resulting from f-f transitions there are also REEs such
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as Eu2+ and Ce3+ where a 4f electron populates a 5d orbital after excitation. As a
consequence of the lacking shielding effect of outer shells and, thus, the influence of
the surrounding ions of the host matrix on the 5d electron, the subsequent emission
is rather broadband and featureless. Lifetimes are short, ranging between 10 ns and
100 ns [25].

It should be noted that natural minerals often contain more than one REE species which
can result in overlapping emission features [232] or in individual REEs emission bands
in a wide spectral range, whereby their occurrence and their relative intensities depend
on excitation wavelengths [234]. Other influences are the crystal field environment, the
crystal orientation, the structural disorder and the temperatures investigated by, e.g.
Lenz et al. [232].

4.2.4 Luminescence in Raman spectroscopy - A problem that must
be solved!

As discussed in the previous Sections 4.2.2 and 4.2.3, luminescence emission may oc-
cur from organic or mineralogical materials. This constitutes a problem in ‘classical’
Raman spectroscopy, because the cross-section of Raman scattering is by about 10 or-
ders of magnitude smaller than that of luminescence [235–237]; see Table 4.2. Hence,
broadband as well as narrowband luminescence can completely overlay the character-
istic Raman signals which are essential for sample identification. Due to the large
difference between both quantum yields, even small traces of luminescent compounds
can lead to a significant amount of photons caused by the emission process. Out of
this reason, the interfering factor ’luminescence’ has to be taken into account when
performing Raman spectroscopy.

Process Cross-Section of σ [cm2]
Absorption Ultraviolet 10−18

Absorption Infrared 10−21

Emission Fluorescence 10−19

Scattering Rayleigh 10−26

Scattering Raman 10−29

Scattering Resonance Raman 10−24

Table 4.2: Approximated cross-sections σ (per molecule) for various optical processes. The
table is adapted from [235].

4.3 Raman effect

4.3.1 Classical description of Raman scattering

First, the classical description of the Raman effect based on [213] is made, which repre-
sents the essential characteristics of the process of Raman scattering. The interaction
of electromagnetic radiation with a molecule leads to an induction of an electric dipole
moment. The dipole moment p(1) can be described by means of an electric field E of
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the incident radiation and a proportional factor α as follows:

p(1) = α · E (4.25)

The proportionality factor α can also be referred to as polarizability tensor of the
molecule. It is preconditioned that the electromagnetic radiation is defined by a
monochromatic radiation of a vibrational frequency ω1. Thus, the corresponding elec-
tric field vector E is described as follows:

E = E0 · cos(ω1t) (4.26)

It is assumed that the considered molecule functions as a vibrating but non-rotating
system. Hence, the polarizability tensor varies according to the vibrational state. Fur-
thermore, only small vibrations of the nuclei about their equilibrium positions are con-
sidered. Therefore, a Taylor series with respect to the normal coordinates of vibration
Q for each component of the polarizability tensor can be considered.

αρσ = (αρσ)0 +
∑︂

k

(︃
∂αρσ

∂Qk

)︃
0
·Qk + 1

2
∑︂
k,l

(︄
∂2αρσ

∂Qk∂Ql

)︄
0
·QkQl · · · (4.27)

This approximation describes the dependence of the polarizability tensor on the molecule’s
vibrational states. The index 0 represents the equilibrium position and Qk, Ql,. . . de-
pict the normal coordinates of vibration. The Taylor series is considered until the
first-order term. Terms of powers of Q higher than the first are neglected and only one
normal mode Qk is considered instead of the sum over all normal modes of vibration.

(αρσ)k = (αρσ)0 + (α′
ρσ)kQk (4.28)

This is also known as the electrical harmonic approximation and is valid for all tensor
components. The following tensor description results from the component representa-
tion (4.28):

αk = α0 + α′
kQk (4.29)

with (α′
ρσ)k =

(︃
∂αρσ

∂Qk

)︃
0

and Qk = Qk0 cos(ωkt+ δk) (4.30)

Here, the normal coordinate amplitude can be identified by Qk0 and the phase by δk.
Inserting (4.30) in (4.29) provides the time-dependent polarizability tensor:

αk = α0 + α′
kQk0 cos(ωkt+ δk) (4.31)

Inserting (4.26) and (4.31) in (4.25) provides:

p(1) = α0E0 cos(ω1t) + α′
kE0Qk0 cos(ωkt+ δk) cos(ω1t) (4.32)
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Equation (4.32) can be displayed as follows using the trigonometric identity
cosA cosB = 1

2 {cos(A+B) + cos(A−B)}:

p(1) = α0E0 cos(ω1t) + α′
kE0Qk0 cos[(ω1 − ωk)t] + α′

kE0Qk0 cos[(ω1 + ωk)t] (4.33)

The induced dipole moment is described by the three summands in equation (4.33),
meaning that the molecule emits light with three different frequencies. The first sum-
mand refers to the emitted radiation, called Rayleigh radiation, which possesses the
same frequency ω1 as the excitation radiation and is more intense (3-4 orders of mag-
nitudes) than Raman radiation. The Raman radiation is represented by the sum of the
last two terms in equation (4.33). The second term describes emitted light which is
red-shifted compared to the excitation radiation, i.e. it is shifted to smaller frequencies
(ω1 − ωk). The radiation described by the second term is named Stokes radiation. In
contrast, the third term describes emitted light blue-shifted in relation to the excitation
radiation (to larger frequencies (ω1 + ωk)), also known as anti-Stokes-radiation.

Furthermore, from equation (4.33) becomes apparent that a change of the polarizability
of the molecule functions as condition for the appearance of Raman scattering. Only
under that condition the terms describing Raman radiation differ from zero and it is
valid ( ∂α

∂Q)0 ̸= 0.

The possible excited vibrational levels of a molecule (polyatomic molecule) consisting
of N atoms may be calculated by means of group theory. This is a nontrivial problem
because N atoms inherit 3N degrees of freedom. The following description of the vi-
brational degrees of freedom is taken from literature [6]. When a molecule is examined
in free space three coordinates describe its translational motion. The orientation of a
non-linear molecule is also described by three coordinates, whereas solely two coordi-
nates are needed for one linear molecule. In conclusion, a non-linear molecule result in
3NTotal − 3Transl − 3Orient = 3N − 6 and a linear molecule 3N − 5 vibrational degrees
of freedom. The description of these vibrations considers a corresponding number of
normal modes, which are defined by the symmetry of the molecule. Within this ap-
proach, symmetry operations, which are summarized into a group symmetry, define the
geometry of the molecule. This provides the basis for the calculation of the material
specific Raman modes by means of simulation programs (e.g. Gaussian, Molpro, Vasp,
Abinit). The group theory and the relating theoretical determination of the molecular
vibration modes are covered by several studies, which is why for further details it is
referred to [238] as an example.

Figure 4.9 shows the vibrations of a triatomic linear and non-linear molecule. The linear
molecule in Figure 4.9 features four vibrational modes dividing in a symmetric and
antisymmetric stretching vibration as well as two bending vibrations. For comparison
of Raman radiation and infrared (IR) radiation the polarizability α and the dipole
moment p are plotted versus the normal mode Q. This demonstrates that the Raman
radiation is complementary to IR radiation (requires a change of the molecule’s dipole
moment p), due to the IR-active modes being Raman-inactive and vice versa. On the
whole, it is apparent that only one of the modes is Raman-inactive. The non-linear
triatomic molecule owns a symmetric stretching mode and a symmetric bending mode
as well as an antisymmetric stretching mode. Here, it is particularly noteworthy that
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the Raman activity and IR activity shows in all three modes.

Figure 4.9: Normal modes of a triatomic linear molecule (above) and non-linear molecule
(below). Own representation based on [213], [239].

Comparing linear and non-linear molecules underscores that Raman-active modes are
only IR-inactive in molecules occupying a center of symmetry and vice versa. This is
also known as rule of mutual exclusion.

The increase of the number of the vibrational modes for molecules with N > 3 can be
regarded as an indication for a complex spectrum. In general, this is not the case due
to the overlap of many modes and the often low intensities which are not visible in
the spectrum and, therefore, not measurable. In comparison to the number of possible
vibrational modes, a relatively simple spectrum with remarkably less features (Raman
lines) is present.

For a qualitative analysis, which solely requires the knowledge about the characteris-
tic vibrational frequencies, the classical description of the Raman effect is sufficient.
However, this theory reaches its limits, if also molecular rotations shall be taken into
account. A precise description of the inelastic Raman radiation provides the quantum
mechanical model, which considers discrete energy states.

4.3.2 Quantum mechanical description of Raman scattering

The comparison of the classical and quantum mechanical description provides similar
results, whereby the quantum mechanical description of the Raman effect is achieved by
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means of the perturbation theory as in [213]. In contrast to the induced electric dipole
of the classical model, now, a dipole (p)fi is examined, which describes the transition
of the molecule from the initial state i to the final state f :

(p)fi =
⟨︂
Ψ′

f |p̂|Ψ′
i

⟩︂
(4.34)

Thereby, p̂ stands for the electric dipole moment operator. Furthermore, Ψ′
i and Ψ′

f

are the time-dependent, disturbed wave function of the initial and final state of the
molecules. They are composed of an unperturbed term Ψ(0) and perturbed terms of
higher order Ψ(1,...,n):

Ψ′
i = Ψ(0)

i + Ψ(1)
i + Ψ(2)

i + · · ·+ Ψ(n)
i , (4.35)

Ψ′
f = Ψ(0)

f + Ψ(1)
f + Ψ(2)

f + · · ·+ Ψ(n)
f , (4.36)

Since the quantum mechanical treatment of the scattering process is beyond the scope
of this thesis the reader is referred to [213] for the detailed derivation of the transition
dipole moment (p)fi and, hence, the transition polarizability (α)fi.

4.3.2.1 Stokes and anti-Stokes intensity

The intensities of Stokes and anti-Stokes scattering can be determined by means of
the Boltzmann-distribution. According to the classical description the intensity ratio
is equal to 1. The quantum mechanical treatment results in an intensity difference
between the Stokes and anti-Stokes scattering, which can be observed experimentally.

In this section the derivation of the Raman intensities is only briefly discussed. A
detailed description of the derivation can be found in [213]. Based on the general
formula for the radiation intensity I of an oscillating electric dipole,

I = k′
ν̃ ν̃

4
sp

2
0sin

2θ where k′
ν̃ = cπ2

2ε0
(4.37)

the formulas describing the Raman intensities can be derived. Here, p0 is the amplitude
of the oscillating electric dipole moment, θ defines the angle of the radiation, ν̃ is
the wavenumber, c represents the speed of light and ε0 is the vacuum permitivity.
The following short summary is divided into three steps, whereby specific vibrational
transitions from the initial (νi

k) to the final (νf
k ) state of the kth mode are considered.

1. The respective product of the harmonic oscillator wave functions of the initial
ϕνi

k
(Qk) and the final ϕ

νf
k
(Qk) state replace the total vibrational wave function

and are introduced to the expansion of the components of the polarizability tensor
in a Taylor series with respect to the normal coordinates Qk.

(αρσ)νf νi = (αρσ)0

⟨︄∏︂
k

ϕ
νf

k
(Qk)

∏︂
k

ϕνi
k
(Qk)

⟩︄

+
∑︂

k

(︃
∂αρσ

∂Qk

)︃
0

⟨︄∏︂
k

ϕ
νf

k
(Qk) |Qk|

∏︂
k

ϕνi
k
(Qk)

⟩︄ (4.38)
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As already mentioned, the first term relates to Rayleigh scattering, while the
second term which includes the components of the derived polarizability tensor,
relates to Raman scattering. Considering the second term and taking into account
the orthogonality of the energy eigenfunctions

⟨︃
ϕ

νf
k
(Qk)|ϕνi

k
(Qk)

⟩︃
= δ

νf
k

νi
k

of the
harmonic oscillator it follows:

⟨︃
ϕ

νf
k
(Qk) |Qk|ϕνi

k
(Qk)

⟩︃
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 for νf
k = νi

k√︄
h

8π2cν̃k
(νi

k + 1) for νf
k = νi

k + 1√︄
h

8π2cν̃k
(νi

k) for νf
k = νi

k − 1 with νi
k ̸= 0

(4.39)

where
√︂

h
8π2cν̃k

(a+
k + ak) is the position operator of the harmonic oscillator de-

scribed by the ladder operators ak and a+
k . In summary, the Raman Stokes

transition as well as the Raman anti-Stokes transition only occurs when the vi-
brational quantum number of the kth mode is increased or decreased by unity,
respectively. Furthermore, there has to be at least one component of the derived
polarizability tensor that is unequal zero.

2. A system of N freely rotating molecules of an ideal gas is considered. In the
harmonic oscillator approximation, the weighted population factor which includes
all possible populations of the kth mode has to be included into the formula for
the intensity. This results from the fact that at normal temperature conditions
not only the lowest but also higher vibrational states are occupied. Based on
the Boltzmann distribution law the fraction of molecules fνi

k
in the state νi

k is
described by:

fνi
k

=
exp

{︂
−(νi

k + 1
2)hcν̃k/kT

}︂
∑︁∞

νi
k

=0 exp
{︂
−(νi

k + 1
2)hcν̃k/kT

}︂ (4.40)

where h is the Planck constant, c is the speed of light, k is the Boltzmann constant,
T is the absolute temperature and ν̃k is the wavenumber of the kth vibrational
mode. It follows the summation of all possible populations of the initial states
νi

k of the kth mode and therefore, the weighted population factors for Stokes and
anti-Stokes vibrational transitions.
For Stokes transitions:

N
∞∑︂

νi
k

=0
(νi

k + 1)fνi
k

= N

1− exp {−hcν̃k/kT}
(4.41)

For anti-Stokes transitions:

N
∞∑︂

νi
k

=0
(νi

k)fνi
k

= N

exp {hcν̃k/kT} − 1 (4.42)
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3. The detected Raman intensity depends on the quadratic products of the derived
polarizability tensor components relative to the illumination-observation geom-
etry (laboratory coordinate system). If now the orientations of the molecules
relative to the coordinate system are taken into account, it has to be averaged
over all these orientations. The derived polarizability tensor is expressed in terms
of its invariants, the so-called ’mean polarizability’ α′

k

α′
k = 1

3(α′
xx,k + α′

yy,k + α′
zz,k) (4.43)

and ’anisotropy’ γ′
k

(γ′
k)2 = 1

2
{︂

(α′
xx,k − α′

yy,k)2 + (α′
yy,k − α′

zz,k)2 + (α′
zz,k − α′

xx,k)2
}︂

+ 3
4
{︂

(α′
xy,k − α′

yx,k)2 + (α′
xz,k − α′

zx,k)2 + (α′
yz,k − α′

zy,k)2
}︂ (4.44)

As a result the expression of the Stokes and anti-Stokes intensities can be written as:

IStokes = kν̃hN(ν̃L − ν̃k)4

8π2cν̃k

{︂
1− exp

(︂
−hcν̃k

kT

)︂}︂f((α′)2
k, (γ′)2

k, θ)IL (4.45)

Ianti-Stokes = kν̃hN(ν̃L + ν̃k)4

8π2cν̃k

{︂
exp

(︂
hcν̃k
kT

)︂
− 1

}︂f((α′)2
k, (γ′)2

k, θ)IL (4.46)

where ν̃L is the wavenumber of the incident electromagnetic radiation and ν̃k the vi-
brational wavenumber of the kth mode. IL is the intensity of the incident radiation and
f((α′)2

k, (γ′)2
k, θ) describes the dependence from the invariants of the derived polariz-

ability tensor α′
k, γ′

k and the illumination-observation geometry θ.

It should be noted, that the derivation of the intensities is based on measuring the
power of the radiation which is not very useful when it comes to real experiments. In
an experimental setup, a detector counts the number of photons hitting the detector
during a certain time interval. Therefore, the formulas of the intensities have to be
modified using the relationship between the intensity IStokes/anti-Stokes and the number
of photons N scattered

photons in a solid angle dΩ falling on the detector and the irradiance of
the incident light IL and the number of photons N incident

photons falling on the area dA of the
detector:

IStokes/anti-Stokes =
N scattered

photons hc(ν̃L − ν̃k)
dΩ and IL =

N incident
photons hcν̃L

dA
(4.47)

It follows for the intensities:

N scattered
photons = Iphoton

Stokes = Ckν̃hNν̃L(ν̃L − ν̃k)3

8π2cν̃k

{︂
1− exp

(︂
−hcν̃k

kT

)︂}︂f((α′)2
k, (γ′)2

k, θ)N incident
photons (4.48)

N scattered
photons = Iphoton

anti-Stokes = Ckν̃hNν̃L(ν̃L + ν̃k)3

8π2cν̃k

{︂
exp

(︂
hcν̃k
kT

)︂
− 1

}︂f((α′)2
k, (γ′)2

k, θ)N incident
photons (4.49)
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Since dA and dΩ are usually kept constant during an experiment they can be repre-
sented by a constant C. If the Stokes as well as anti-Stokes intensities are known, the
temperature of the examined sample can be determined by calculating their ratio.

4.4 Non-radiative processes

The processes of radiationless deactivation are determined by the coupling between
various excited states. The type of coupling between the initial and final state defines
the non-radiative transition. For instance, couplings between the electronic wave func-
tions and nuclear wave functions or between various electronic states can occur [218].
These couplings (dependence of nuclear and electron motion) cause the breakdown of
the Born-Oppenheimer approximation. Using the time-dependent perturbation theory
the rate of radiative and non-radiative transitions can be derivated (Fermi’s Golden
Rule). A rough outline of the procedure is given in Section 4.1.1.

kk→µ = 2π
ℏ
⟨Ψµ|HS

µk |Ψk⟩2 ρµ(E) (4.50)

where ρµ(E) represents the density of the final state. The non-adiabatic coupling is in-
cluded in the perturbation operator HS

µk describing the type of coupling between the two
states |k⟩ and |µ⟩. The perturbation operator of internal conversion describes the corre-
lation of electrons and nuclear motions while the perturbation operator of intersystem
crossing contains the coupling of the electron spin with the angular momentum [215].
In the case of weak interaction a separation of nuclear and electron motion is applied
so that equation (4.50) is separated into a term of electronic perturbation ⟨ϕµ|HS

µk |ϕk⟩
and the overlap integral of vibrational motions ⟨χµ|χk⟩.

kk→µ = 2π
ℏ

⃓⃓⃓
⟨ϕµ|HS

µk |ϕk⟩ ⟨χµ|χk⟩
⃓⃓⃓2
ρµ(E) (4.51)

4.4.1 Vibrational relaxation (VR)

After the molecule absorbs a photon and, thus, is raised in an excited electronic vibra-
tional state mSn, the non-radiative deactivation follows, whereby a part of the excitation
energy is dissipated via vibrational relaxation (VR) as heat to the environment [212].
This is a very fast process in which the molecule reaches the vibrational ground state
of an electronic state 0Sn [215]. Due to the short lifetime of the vibrational levels other
deactivation processes generally not compete with the process of vibrational relaxation.
Typical values are between 10−12 s and 10−10 s [217].

4.4.2 Internal conversion (IC)

Here, the electronic excitation energy is also given off to vibrational (and rotational)
energy and to the surroundings [212]. This process occurs between different electronic
states within one spin multiplicity and a period of 10−11 s − 10−9 s [217]. In contrast to
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the vibrational relaxation, the internal conversion occurs from the vibrational ground
level of an excited electronic state (0Sn) to higher vibrational levels of a lower excited
electronic state (mSn−1). Furthermore, the internal conversion as well as the vibrational
relaxation is responsible for Kasha’s Rule stating that the emission of light only occurs
from the lowest excited electronic state [212]. This refers to the emission of light from
the 0S1-state (fluorescence), or from the 0T1-state (phosphorescence) as a consequence
of intersystem crossing between singlet and triplet state.

4.4.3 Intersystem crossing (ISC)

The intersystem crossing is a process that passes a singlet state to a triplet state and/or
vice versa. Hence, it occurs between different spin multiplicities, whereby the transition
occurs from a corresponding vibrational ground level 0Sn to a higher vibrational level
of another electronic state mTn [212]. This is a spin-forbidden transition that proceeds
within a period of 10−10 s − 10−8 s [217]. After reaching the triplet state mTn, the
vibrational relaxation in the vibrational ground state 0T1 might occur again and sub-
sequently the transition to the ground state S0 takes place due to the emission of excess
energy (phosphorescence). The fact that intersystem crossing is a spin-forbidden tran-
sition results in a longer lifetime of the T1-state. This, in turn, results in non-radiative
deactivation processes that compete much stronger with phosphorescence [217].

4.4.4 Quenching

Quenching is a photophysical process that includes the non-radiative deactivation of an
excited molecule, the so-called donor (D*), by a quencher molecule, the so-called accep-
tor (A) via various interacting mechanisms [222]. As a result, the fluorescence quantum
yield of D decreases. The following paragraphs introduce different quenching processes.

Dexter mechanism − electron exchange

A detailed description of this process in solids is given by Dexter [240] using the tran-
sition probability resulting from the time-dependent perturbation theory of quantum
mechanics. When considering two molecules (D and A), the Dexter mechanism de-
scribes the non-radiative deactivation of D* by the transfer of an electron from D*
to A and vice versa [222]; see Figure 4.10. Before this electron exchange takes place,
the donor molecule is promoted to the excited state by absorbing an incident photon.
Provided that the distance between both molecules is sufficiently small so that their
orbitals (wave functions) overlap, the excited electron in the LUMO of the donor is
transported to the LUMO of the acceptor which is promoted to the excited state. Si-
multaneously the electron in the HOMO of the acceptor is transferred to the HOMO
of the donor. Thus, the donor returns to its ground state without emitting a photon
(fluorescence). The acceptor, in turn, can be deactivated via fluorescence emission or
non-radiative processes. Note that this electron exchange process requires that the
LUMO of the acceptor must have a lower energy than the LUMO of the donor and
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that the HOMO of the acceptor must have a higher energy than the HOMO of the
donor.

Figure 4.10: Schematic representation of the Dexter process. For reasons of clarity the
vibrational energy levels and, thus, the process of vibrational relaxation are not included. Own
representation based on [222,241]

It shall be emphasized that this short-distance interaction follows no symmetry restric-
tions (spin conservation) which allows this process to occur between singlet and triplet
states [216, 222]. The transfer efficiency decreases exponentially with the distance be-
tween both molecules.

Förster mechanism − dipole-dipole interaction

The Förster mechanism of molecules in solutions is discussed quantum mechanically
in [242]. Starting point of this mechanism is the absorption of an incident photon by
the donor molecule; see Figure 4.11.

Figure 4.11: Schematic representation of the Förster process. For reasons of clarity the
vibrational energy levels and, thus, the process of vibrational relaxation are not included. Own
representation based on [241]

As a result it is promoted to a vibrational level of the first electronic excitation
state [243]. Afterwards, it follows the vibrational relaxation into the vibrational ground
state of the excited electronic state. From here, it can return to the ground state by
photon emission (fluorescence). Another possibility occurs in the presence of an accep-
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tor molecule. Provided that the energy difference between the ground state and the
lowest vibrational level of the excited electronic state of the donor corresponds to that
for an absorption transition in the acceptor molecule, a non-radiative energy transfer
between both molecules through dipole-dipole coupling can take place. With sufficient
energetic coupling the energy transfer can occur whereby the donor molecule returns
to the ground state without emitting a photon and the acceptor molecule is promoted
to the excited state. This prevents the luminescence emission from the donor. Both
transitions occur simultaneously. The deactivation of the excited acceptor can be either
radiative or non-radiative. Note that the overlap of the emission spectrum of the donor
and the absorption spectrum of the acceptor does not require a direct contact but a
sufficiently small distance between both molecules. In contrast to the Dexter mech-
anism, the Förster mechanism is a relatively long-range energy transfer whereby the
transfer efficiency decreases with the inverse of the sixth power of the distance between
both molecules.

Heavy Atom Effect

The quenching of fluorescence occurs, among others, via the heavy-atom effect which
can be divided into the internal and external heavy-atom effect. The term ’heavy-
atom’ is another expression for an atom with large atomic number [244], e.g. Br and I
in organic molecules and most metals [222]. In the first case of the internal effect, the
heavy atom (Q) is located within the fluorescent molecule (M) and therefore is part of
it [222,245]. If the heavy atom (Q) is external, but nevertheless in close contact to the
excited molecule (M) it is referred to the external heavy atom effect [222, 244]. The
noble gas atom Xe can show strong quenching abilities [222].

In both cases the spin-orbit coupling is perturbed by the heavy-atom [245]. The flu-
orescence quantum yield decreases with the enhancement of the spin-orbit coupling
(increases with atomic number) and the rate of the competing intersystem crossing
transition from the excited singlet to the triplet state (S1 → T1) increases due to the
presence of intramolecular or intermolecular heavy-atoms [246, 247]. Further conse-
quences are the decrease of the phosphorescence lifetime and the increase of the T1
← S0 absorption [222, 244, 245, 247]. Prerequisite for this quenching mechanism is the
proximity of the fluorophore and the perturber atom resulting in an overlap of the or-
bitals of the quencher with those of the excited molecule [244–247]. Consequently, the
heavy-atom effect is a short-ranged mechanism [246, 247], whereby the exact charac-
ter of interaction mechanism (charge transfer mechanism, exchange mechanism, etc.),
leading to the enhancement of the spin-orbit coupling, is still a topic of discussion in
literature and depends on the considered system of fluorophore, the quencher and the
nature of the surrounding [244–247]. Due to the character of a short-range mechanism,
actually an exciplex is formed which quickly dissociates into its individual constituents,
so that the quenching process follows the scheme illustrated in Figure 4.12.

The heavy-atom quenching effect was examined in various experiments mainly consider-
ing liquid solutions containing a mixture of the fluorophore and the quencher [244,245].
It is referred to [248] for the observation of this quenching mechanism in a solid-matrix.
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Figure 4.12: Schematic representation of the heavy-atom process. For reasons of clarity the
vibrational energy levels and, thus, the process of vibrational relaxation are not included. Own
representation based on [215]

54



Chapter 5

Samples

In this chapter various biological, organic and mineralogical samples used for the evalu-
ation of five different Raman spectroscopic techniques for luminescence suppression are
introduced. These luminescent samples are chosen due to their relevance for planetary
research.

5.1 Biological samples

In this study two different lichens − Xanthoria elegans and Buellia frigida − and
the green alga of the lichen Circinaria gyrosa are investigated. Lichens are symbiotic
associations of a heterotrophic mycobiont (fungus: in this case Lecanoromycetes) and
a photoautotrophic photobiont (in this case a green alga: Trebouxiophyceae) [61].

Figure 5.1: Schematic representation of the structure of a lichen. Own representation based
on [249].
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Lichens are well known for their ability to survive extreme environmental conditions
(see Section 2). Hence, in astrobiological research community these extremophiles are
established as potential candidates for extant or extinct extraterrestrial life and, thus,
are worth to be considered here. Generally the structure of a lichen is characterized by
several fungal and algal layers (see Figure 5.1) which are described in more detail in
the following paragraphs of Xanthoria elegans and Buellia frigida.

Xanthoria elegans

Xanthoria elegans grows on diverse substrata but is predominantly found on acidic
rock types and also on marble and even concrete [250]. The habitats of Xanthoria
elegans are widely distributed and range from North Europe, North America, North
Africa, New Zealand to extreme environments such as the alpine regions (up to 7000 m
in Himalaya [60]) and the dry and cold Antarctica [250]. There are several locations
known in the continental Antarctica. In addition Xanthoria elegans can also exist on
various Antarctic islands. Further distributions are subantarctic islands and islands in
the South Atlantic Ocean.

Figure 5.2: Microscopic image of Xanthoria elegans. The scale bar is 200µm.

Meeßen et al. [60] describe in detail the morphology and anatomy of Xanthoria ele-
gans. The most striking feature of this lichen is its bright yellow-orange thalli which
is caused by various pigmented components, e.g. anthraquinones such as parietin and
emodin in the upper cortex [60,61]; see Figure 5.2. Raman spectroscopic investigations
of different layers of Xanthoria elegans confirm the fact of concentrated pigments in
the upper layer [179, 189]. Below the upper cortex lies the alga layer which contains
chlorophyll a and b, carotenes (e.g. β-carotene) as well as a diverse set of xanthro-
phylles (e.g. neoxanthin, lutein, violaxanthin, antheraxanthin, zeaxanthin). This is
followed by loosely arranged hyphae forming the medulla layer, and the lower cortex
which, similar to the upper cortex, consists of fungal filaments. Finally, the bottom of
the lichen is characterized by rhizines attached to the substrate and, thus, functioning
as holding mechanism.

Buellia frigida

Buellia frigida grows on rocks and can especially be found in continental Antarc-
tica [250] where it is exposed to strong winds, low temperatures and enhanced ionizing
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UVB and UVC radiation. Furthermore, it colonizes habitats such as the Antarctic
Peninsula James Ross Island as well as the largest Island of Antarctica Alexander Is-
land. Buellia frigida is a grey to blackish lichen whose surface is formed by the epicortex
consisting of mucilage; see Figure 5.3.

Figure 5.3: Microscopic image of Buellia frigida. The scale bar is 200µm.

The dark colour of the lichen is mainly caused by the pigment melanin in the upper
cortex. Apart from melanin numerous other components such as norstictic acid are
present. Below, follows the gelatinized algal layer with homogeneously spread algal
clusters and interwoven hyphae. The latter is also the main component of the medulla
layer where mechanisms such as water retention and gas exchange occur. The medulla
layer also seems to be the lowest layer of the lichen, since a lower cortex and rhizines
are missing. A detailed description of the morphology and anatomy of Buellia frigida
is given by Meeßen et al. [60].

Green alga of Circinaria gyrosa

In this study not the lichen itself but the isolated photobiont the green alga of Circi-
naria gyrosa is investigated; see Figure 5.4. Circinaria gyrosa can be found in deserts
and dry locations in middle Asia, Eurasia, North America and North Africa [60]. This
implies the existence of a natural resistance against high temperatures, dryness and
UV radiation [251].

Figure 5.4: Microscopic image of the green alga of Circinaria gyrosa. The scale bar is 200µm.

In this study no description of the lichen’s anatomy is given since only the photobiont
is investigated. Nevertheless, a detailed description is provided by Meeßen et al. [60].
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5.2 Organic sample

Agar

The mixture of Agar and nutrients serves, among others, as growth medium for vari-
ous microorganisms on Earth. Thus, the investigation of this material is necessary to
distinguish the Raman spectrum of Agar from the Raman spectrum of another biolog-
ical sample, which needs Agar as growth medium. Diverse applications and properties
are described in detail by Armisen et al. [252]. The main constituents of Agar are
the polysaccharides agarose and agaropectin, whereby it should be noted that Raman
spectroscopy is applied to Agar in its powdered form; see Figure 5.5.

Figure 5.5: Microscopic image of Agar. The scale bar is 200µm.

Agar as well as the biological samples Xanthoria elegans, Buellia frigida and the green
alga of Circinaria gyrosa investigated in this study were provided by the Institute of
Botany of the Heinrich-Heine-University Düsseldorf, Germany. Raman spectroscopy is
mainly applied to the highly pigmented upper cortex of the lichens and the surface of
the green alga of Circinaria gyrosa and Agar.

5.3 Martian and Lunar Regolith Simulant

Mineral mixtures resembling the Martian and the Lunar regolith composition were
produced by the Museum für Naturkunde Berlin. The individual terrestrial mineral
phases (see Table 5.1) were chosen based on the knowledge gained by investigations of
Martian meteorites [253], orbiter and rover missions to Mars [38, 254–256] as well as
sample-return missions by the Apollo and Luna program [123].

In this study two different Mars analogue mixtures − Phyllosilicatic Mars Regolith
Simulant (P-MRS) and Sulfatic Mars Regolith Simulant (S-MRS) − were examined,
resembling the observed and spatially separated deposits on Mars containing mainly
phyllosilicates and sulfates [38]. It is assumed that these were formed by different
hydrated alteration processes during two different climate epochs on Mars namely the
Noachian and Hesperian. During the early Noachian episode hydrated silicates were
formed which required the presence of liquid water on Mars. This wetter period was
followed by the dryer and colder Hesperian epoch where the sulfate deposits were formed
in a more acidic environment.
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In addition to different phyllosilicate minerals and the sulfate mineral gypsum, carbon-
ates, silicates such as plagioclase, pyroxene and olivine etc., quartz and iron oxides are
constituents of the analogue mixtures. In contrast, the Lunar analogue mixture (Lunar
Regolith Simulant; LRS) mainly contains the silicates plagioclase, diopside, hypers-
thene, olivine and volcanic slag. Minor components are ilmenite, apatite and iron.

P-MRS S-MRS LRSMineral Chemical Formula (wt. %) (wt. %) (wt. %)
Pyroxene, XY(Si,Al)2O6* -
Plagioclase, (Ba,Ca,Na,K,NH4)(Al,B,Si)4O8 66.7
Amphibole, AB2C5T8O22W2** 3 32 -
Ilmenite, Fe2+TiO3 1.1
(Gabbro) - -
Olivine Mg1.6Fe2+

0.4(SiO4) 2 15 5.7
Quartz SiO2 10 3 -
Hematite Fe2O3 5 13 -
Montmorillonite (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2· nH2O 45 - -
Chamosite (Fe2+,Mg,Fe3+)5Al(Si3Al)O10(OH,O)8 20 - -
Kaolinite Al2Si2O5(OH)4 5 - -
Siderite Fe2+CO3 5 - -
Hydromagnesite Mg5(CO3)4(OH)2·4H2O 5 - -
Goethite α-Fe3+O(OH) - 7 -
Gypsum CaSO4·2H2O - 30 -
Diopside CaMgSi2O6 - - 8.9
Hypersthene (Fe,Mg)2[Si2O6] - - 5.7
Volcanic slag - - - 9.5
Apatite (Ca,Ba,Pb,Sr,etc.)5(PO4,CO3)3(F,Cl,OH) - - 1.1
Iron - - - 1.3

Table 5.1: Mineralogical composition of Phyllosilicatic Mars Regolith Simulant (P-MRS),
Sulfatic Mars Regolith Simulant (S-MRS) and Lunar Regolith Simulant (LRS) in weight percent
(wt. %). *The common chemical formula of pyroxene (XY(Si, Al)2O6) includes X = Ca, Fe2+,
Li, Mg, Mn2+, Na, Zn; and Y = Al, Cr3+, Fe2+, Fe3+, Mg, Mn2+, Sc, Ti, V3+. **The common
chemical formula of amphibole (AB2C5T8O22W2) includes A = [], Na, K, Ca, Pb, Li; B = Na,
Ca, Mn2+, Fe2+, Mg, Li; C = Mg, Fe2+, Mn2+, Al, Fe3+, Mn3+, Cr3+, Ti4+, Li; T = Si, Al,
Ti4+, Be; W = (OH), F, Cl, O2−.

5.4 Sample preparation and sample storage

All compounds of the three different analogue mixtures were crushed to powder with
grain sizes smaller than 1 mm reflecting the Martian and Lunar regolith. In order to
facilitate the Raman spectroscopic investigations, 0.3 g and 1 g of analogue mixture
powders were pressed with 5 MPa − 7 MPa into pellets with a diameter of 0.7 cm and
1.4 cm, respectively (see Figure 5.6). The entire pressing process for one pellet took
approximately 15 min. The smooth surface of the pellets allows for better focusing of
the laser beam and, thus, better sample handling.
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Figure 5.6: Martian and Lunar analogue mineral mixtures pressed into pellets.

All seven samples were stored in a refrigerator whereby a slow sample degradation with
time can not be excluded. This might also have affected the intensity of luminescence
emission to a certain extent. However, all Raman spectroscopic investigations were
disturbed by luminescence.

5.5 Fluorescence microscopy

Fluorescence microscopy was performed in order to get a first impression of the fluo-
rescence properties of the individual samples. For this purpose, a filter set consisting
of three different excitation and emission filters (DAPI, GFP and TRITC) was used.
The corresponding spectral ranges are listed in Table 5.2.

Filter Excitation [nm] Emission [nm]
DAPI 300 − 390 445 − 490
GFP 420 − 470 480 − 540

TRITC 460 − 500 510 − 640

Table 5.2: Fluorescence microscopy was performed using three different filters (DAPI, GFP
and TRITC).

A comparison of the fluorescence microscope images with the Raman spectra is rather
complicated since the excitation of the fluorescence microscopy measurements is rel-
atively broadband and only partly includes the excitation wavelength of the Raman
measurements. Note, that the microscopic images were not recorded under controlled
boundary conditions (e.g. different irradiation intensities), which is why the comparison
of these measurements is difficult. Hence, solely a qualitative analyses is conducted.

The microscopic images of the biological and organic samples are, regardless of the used
filters, characterized by a strong fluorescence emission; see Figure 5.7. An exception
is the fluorescence microscopic image of Xanthoria elegans measured with the DAPI
filter. Here, even though the fluorescence is present, it is clearly weaker than in the
other images. However, a closer examination reveals that the fluorescence intensity is
not constant across the sample. It can be seen that some areas fluoresce less or not
at all. This suggests that an inhomogeneous distribution of the fluorescent pigments is
present which, in turn, is noticeable in the Raman spectra due to differently intensive
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background signals. This fact will be discussed in the following chapters.

Figure 5.7: Bright-field and fluorescence microscopic images of Xanthoria elegans, Buellia
frigida, the green alga of Circinaria gyrosa and Agar. Fluorescence microscopy was performed
using three different filters (DAPI, GFP and TRITC). The scale bar is 100µm (Xanthoria
elegans, Buellia frigida, the green alga of Circinaria gyrosa) and 50µm (Agar).

The fluorescence microscopic images of the Mars and Moon analogue materials are
interesting since the presence of fluorescent and non-fluorescent areas is particularly
pronounced; see Figure 5.8. A closer look reveals that the non-fluorescent areas actually
exhibit a weak fluorescence. Additionally, there are strongly fluorescent areas with a
diameter of 200µm or less than 50µm. For Raman spectroscopic analysis this implies
that the measurement position on the pellets is especially important and that the
corresponding Raman spectra may look very different. This is not surprising since the
pellets are mixtures consisting of several different minerals with different grain sizes.
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Figure 5.8: Bright-field and fluorescence microscopic images of different measurement po-
sitions on S-MRS-, P-MRS- and LRS-pellets. Fluorescence microscopy was performed using
three different filters (DAPI, GFP and TRITC). The scale bar is 50µm.
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Chapter 6

Data analysis

Since the goal of this thesis is the evaluation of different approaches for handling lu-
minescence in Raman spectroscopy, a reasonable objective quantity to determine the
quality of the different measurements is needed. For this purpose, the well-known
signal-to-noise ratio (SNR) is introduced in this chapter. Additionally, an overview of
the general structure of data analysis is provided.

6.1 Signal-to-noise ratio

The power of the excitation light is 108 times stronger than the power of the inelastically
scattered light. Thus, Raman scattering is a very weak process leading to Raman
spectra that are vulnerable to noise. The problem of obscuring Raman signals due to
an increasing noise is shown by means of simulated Raman spectra in Figure 6.1.

Figure 6.1: Simulated Raman spectrum showing the disappearance of the Raman signal with
increasing noise.

Figure 6.1 displays the situation of an increasing luminescence background and, thus,
increasing shot noise in the Raman spectrum after background subtraction. The in-
creasing noise gradually obscures the Raman signal until it completely disappears and
an identification of the investigated sample becomes impossible. A measure of quality
of the recorded Raman spectrum is the SNR. This determines whether or not a Raman
signal can be distinguished from the noise and, thus, a sample can be identified. Based
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on this the detection limit in this study is defined as:

SNR ≥ 3 (6.1)

In literature there are different approaches to determine the SNR [257, 258]. In this
study it is defined as the ratio of peak height of the Raman line (Speak) to the noise
(σ):

SNR = Speak

σ
(6.2)

In practice the luminescence background is approximated by a polynomial fitting which
is subsequently subtracted from the raw Raman spectrum. This leads to a luminescence-
free Raman spectrum. Afterwards, the noise is determined by taking the standard de-
viation of a small, flat spectral interval close to the Raman line of the luminescence-free
Raman spectrum; see Figure 6.2.

Figure 6.2: Simulated Raman spectrum showing the two relevant values (signal height and
standard deviation of a flat spectral interval close to the Raman signal) used for SNR calcula-
tions.

However, it should be noted that the total noise value consists of several independent
noise components [257]:

σ =
√︂
σ2

1/f + σ2
readout + σ2

dark + σ2
shot (6.3)

where σ1/f is the flicker noise, σreadout is the readout noise, σdark is the thermal noise
and σshot is the shot noise. The first represents the instability of the laser source (no
constant intensity emission), whereby this is in general very low and can be neglected
when compared to the other noise sources. The readout noise originates from the
conversion of an analogue signal (electrons) to a digital number. Thus, the analogue-
to-digital-converter and other electronical components are responsible for this noise
type [257,259]. This noise can be influenced by the readout speed (the faster the speed,
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the higher the noise). The third noise contribution is caused by thermally generated
electrons within the detector. Here, it is insignificant whether or not photons are
present. The temperature is the dominant factor influencing the noise. In the Raman
spectrum this noise contribution is visible as a ’constant’ background signal (dark
current), which can be effectively reduced by cooling the device. In the case of cooling
the detector the fourth noise term, the shot noise, has the biggest influence on the total
noise value. This applies especially if luminescence is present in the Raman spectrum
as shown in Figure 6.1. Here, the shot noise is systematically increased from the left
to the right figure. Since the Raman signal intensity is always equal to 100 counts,
the SNR decreases with increasing noise values until it reaches a value of 2, which, in
this study, is considered to be not sufficient for sample identification. Shot noise or
photon noise is represented by fluctuations of the measured signal due to the random
arrival time of photons at the detector [257,260]. Because of the discreteness of photons
and the fact that the probability of each photons’ arrival is an independent event, this
phenomenon is described by Poisson statistics which results in the increase of shot noise
with the square root of the signal; σshot =

√
Signal [260]. Thus, stronger signals such

as luminescence emission are also noisier.

Since the Raman line intensity depends linearly on the acquisition time, the SNR can
be increased by increasing the exposure time. Another possibility of enhancing the SNR
is the reduction of the shot noise [261, 262]. This can be achieved by increasing the
number of measurements N and averaging these spectra together. As a result, the noise
is reduced by the square root of N. For instance, if 100 Raman spectra are measured
under identical conditions and then averaged, the noise decreases by a factor of 10.
Therefore, in this study several Raman spectra are always recorded, whose average
spectrum is used for further analysis.

An additional interfering factor is the detection of high energy particles (x-rays or
gamma rays from outer space), so-called cosmic rays, directly hitting the CCD. Because
of their usually high intensity and delta distribution-like line shape they are easily
recognized and, thus, can be removed from the Raman spectrum.

6.2 Structure of data analysis

Different methods for the handling, suppression and rejection of disturbing luminescence
in the Raman spectra

In this study the issue of luminescence in Raman spectroscopy is analysed by means of
five different approaches:

1. Selection of different excitation wavelengths
2. Photobleaching
3. Anti-Stokes Raman spectroscopy
4. Shifted excitation Raman difference spectroscopy (SERDS)
5. Time-resolved Raman spectroscopy (TRRS)

Each approach is discussed in a separate chapter starting with the theoretical principles;
see Figure 6.3.
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Figure 6.3: Schematic representation of the structure of data analysis for each of the five
techniques.

Afterwards, it follows the description of the used experimental setup and of the mea-
surement parameters and data processing procedure. The third section represents the
main part including the whole data analysis for the corresponding method. Here, the
special feature but also the complexity and difficulty of this thesis become apparent.
To be precise, the whole sample set consisting of seven samples in total (Xanthoria
elegans, Buellia frigida, green alga of Circinaria gyrosa, Agar, S-MRS, P-MRS and
LRS) is investigated with each of the mentioned techniques. This also includes the
possibility, that none of these methods is ideally suited for the investigation of these
space-relevant samples. Advantages and disadvantages are discussed and by means of
these results the ability of the individual method to analyse the samples is evaluated.

Afterwards, in the following chapter the results of the five techniques are discussed in
the context of space application. Herein, additional requirements such as the environ-
mental conditions of an extraterrestrial application, the Raman setup size, costs, setup
components (detectors, spectrometers) and parameters such as power consumption,
sensitivity, spot size, acquisition time, resolution etc. are considered.
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Chapter 7

Excitation Wavelength Selection

This chapter mainly serves the purpose of introducing the different samples and their
Raman spectra. Hence, it provides reference data for the following chapters, where
further methods for luminescence handling, rejection and suppression are introduced.
The best suited excitation wavelength for investigating the individual samples is rec-
ommended at the end of this chapter.

7.1 Theory

One possibility to deal with luminescence interference in a Raman spectrum is the
choice of various excitation wavelengths to avoid, or at least minimize, the spectral
overlap of Raman scattering and luminescence emission; Figure 7.1.

Figure 7.1: Schematic representation of the spectral distribution of luminescence emission
and Raman spectra excited at different wavelengths (UV, VIS, NIR).
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This is based on the fact that the change in vibrational energy generated by Raman
scattering does not in itself depend on the excitation wavelength and, therefore, stays
the same for different radiation sources (UV: ultraviolet, VIS: visible and NIR: near-
infrared). In contrast, the occurrence of luminescence emission does depend on the
laser excitation wavelength, since it is the result of absorbing the radiation from the
laser source. This means that the excitation wavelength lies within the electronic
absorption spectra of the examined sample, and subsequent emission of red-shifted
radiation (luminescence) occurs.

Aside from mineralogical samples especially numerous biological materials often emit
broadband luminescence when excited with visible radiation. This can result in a poor
signal-to-noise ratio and, therefore, constitutes a problem for sample identification us-
ing conventional Raman spectroscopy. In addition, degradation and photooxidation
are possible side effects. Despite these facts, a wide variety of minerals and organics
relevant for extraterrestrial exploration [7, 64, 65] are examined in numerous studies
using Raman spectroscopy with visible excitation (532 nm).

Excitation in the NIR

Using an excitation source in the near-infrared (785 nm − 1064 nm) provides the advan-
tage that the energy is generally insufficient to generate intensive luminescence photons.
Especially for many biological samples such as cells [263–266], tissue [263, 265–267],
skin [263,265,268], tumors [263], plants [263,269–271], lichens [2,190], cyanobacteria [2]
and fungi [265]) it is rather uncommon that the excitation wavelength in the NIR lies
within the electronic absorbance spectrum of these compounds [272]. This results in
a Raman spectrum which is either totally free of luminescence interference or at least
shows only a low luminescence contribution compared to an excitation in the visible
or ultraviolet range of the electromagnetic spectrum, for instance. In fact, one of the
main constituents of living biological materials is water which results in two advantages
of NIR Raman spectroscopy [263, 271]. First, water is a fairly weak Raman scatterer
and, thus, does not significantly ’disturb’ the Raman spectrum. Second, the excitation
wavelength at 1064 nm is within the minimum of the water absorption spectrum which
results in less absorption and, therefore, minimal luminescence interference. Further-
more, the Raman intensity is inversely proportional to the fourth order of the excitation
wavelength. Hence, the Raman spectrum generated by an excitation wavelength in the
near-infrared naturally suffers from low sensitivity. The relatively low photon energy
also provides the possibility of a non-destructive examination so that photodamage,
degradation and heating of the investigated (biological) sample are minimized [264].
For instance, Schrader et al. [273] investigated non-destructively textiles and works of
art [274] using NIR-FT Raman spectroscopy.

The examination of minerals with an excitation wavelength in the NIR is another impor-
tant case that has to be considered. Here, luminescence can originate from impurities
in the crystal lattice. These impurities can be caused by defects or by the presence of
rare earth or metal elements [25], which frequently exhibit strong luminescence bands
in the NIR spectral region because of low energetic excited electronic states. Another
kind of impurity can be of organic origin, whose behaviour using an excitation in the
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NIR is mentioned above.

Furthermore, the technical aspect has to be considered. Typically, a standard silicon
CCD detector is sensitive in the spectral region of approximately 300 nm − 1000 nm,
whereby the quantum efficiency is highest between 500 nm and 700 nm [275,276]. The
sensitivity of the CCD constitutes a problem since the spectral range of a Raman
spectrum using an excitation wavelength of 785 nm ranges from 785 nm to 1144 nm
corresponding to a Raman shift of 0 cm−1 − 4000 cm−1. Thus, the wavelengths of
the inelastically scattered photons are within the spectral range of a decaying detector
sensitivity. This complicates the detection of signals with a high Raman Shift (e.g.
water-related signals at approximately 3000 cm−1)

Excitation in the UV

The application of laser sources emitting radiation in the ultraviolet range of the elec-
tromagnetic spectrum is another possibility to minimize the luminescence contribution
in a Raman spectrum. Here, the excitation in the very short wavelength region (e.g.
266 nm) causes red-shifted luminescence which is for most organic compounds mainly
beyond the spectral region of the Raman spectrum (0 cm−1 − 4000 cm−1 corresponding
to 266 nm − 298 nm) [277]. In other words, the Raman scattering and luminescence
are spectrally separated. Compounds exhibiting unwanted luminescence in this short
spectral range (32 nm in total) are not very numerous and have in general a low lu-
minescence quantum yield. Nevertheless, there are two further possible consequences
when the excitation wavelength is close to or overlaps with an electronic transition of
the molecule.

First, the Raman signal intensities can be significantly enhanced and as a result domi-
nate over the luminescence background signal. This enhancement is due to resonance
Raman scattering [278–280] and can also occur using visible excitation wavelengths
which is used to examine carotenoids in human tissue [281–283], for instance. The
Raman lines can be enhanced by a factor of 102 − 106 [278, 279]. Investigations of
carotenoids in plants [278] or in human tissue [281–283], aromatic amino acid [284,285],
DNA [285], bacteria [286] and even explosives [287] take advantage of this effect. Min-
erals [288] and organics relevant for extraterrestrial exploration [289, 290] and real ex-
traterrestrial Martian materials [291] were examined using UV Raman spectroscopy.
Especially for complex systems this technique is applicable, whereby vibrations of a
specific molecule can be selectively enhanced by using specific (tunable) excitation
wavelengths [277,278]. This approach was implemented in terms of multiple excitation
wavelengths in the DUV by Yellampalle et al., for instance, who in this way examined
various explosives [292].

On the other hand, vibrations that are not affected by the resonance effect or less en-
hanced can be overwhelmed by resonance enhanced Raman lines and simultaneously
emit luminescence resulting from the same mechanism [278,279]. This can simplify the
Raman spectrum and, thus, gives selective information on specific molecular vibrations
and makes an identification of the material easier. Then again, it can also constitute a
problem when the interest lies in the detection of off-resonance Raman lines of (other)
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molecules which are not involved in the electronic transition and, therefore, can not be
resolved because they exhibit a poor signal-to-noise ratio. Equally, it is also possible
that in a complex system the luminescence emission of a large amount of different com-
pounds obscures the Raman features in the spectrum [277]. Furthermore, reabsorption
of the Raman photons can occur when their wavelengths are within the spectral re-
gion of the absorption [293]. However, a major problem of the high-energy radiation is
induced photochemical damage and degradation of sensitive samples [294].

7.2 Experimental setup

Within the scope of this thesis there was no possibility to use one single experimental
setup providing all desired excitation wavelengths. Hence, different instruments were
necessary to investigate the samples with Raman spectroscopy using excitation wave-
lengths at 325 nm, 532 nm, 785 nm and 1064 nm. Various experimental setups in the
Leibniz Institut für Kristallzüchtung (325 nm and 785 nm) and the German Aerospace
Center (532 nm and 1064 nm) in Berlin Adlershof were used to perform these measure-
ments. In total, three different setups were used.

Excitation wavelength at 532 nm

The first Raman microscope setup with an excitation wavelength in the visible range
is depicted in Figure 7.2.

Figure 7.2: Schematic representation of the Raman setup. Own representation based on [295].
Components of the Raman microscope: 1. single-mode optical fiber, 2. beam splitter, 3.
dichroic mirror, 4. objective, 5. scan table, 6. ocular camera, 7. filter slider, 8. sliding prism,
9. multi-mode optical fiber.

The first step before starting the actual measurements was to adjust the view mode.
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For this purpose, the radiation of a white-light source was directed onto the ocular
camera by a moveable prism. Afterwards, the sample to be analysed was positioned
onto the small scan table. By means of a height adjustable platform the microscope
could be moved upwards or downwards with a speed of 0.01µm/s to 500µm/s until the
focus was set and a sharp image of the sample became visible. Besides, for adjustment
in the horizontal plane, the small scan table could be moved by a maximum of 2 mm
in x- and y-direction. For longer distances of up to 2.5 cm in both directions, the big
scan table underneath the smaller one could be used.

After switching into the measurement mode the white-light source was replaced by a
Nd:YAG laser emitting light with a wavelength of 532 nm. The continuous radiation
with a maximum power of approximately 50 mW was directed onto the sample surface.
Depending on the species to be examined the laser power was reduced to minimize the
risk of sample damage. Before reaching the sample, the laser radiation was directed into
the microscope via reflexion in a single-mode optical fiber. Here, it hit a beam splitter
that included a holographic grating which diffracted, in turn, more than 90 % of the laser
wavelength (532 nm) in the direction of the objective turret. In this setup it was possible
to select between the Eplan 10x/0.25 with a working distance of 12.5 mm, the Eplan
100x/0.9 EPI and the 100x/0.8 with a working distance of 2 mm. One of the free spaces
of the objective turret could be used to couple the Thorlabs power meter and measure
the laser power. The elastically and inelastically scattered light (Rayleigh and Raman
radiation) and the emitted luminescence of the sample were collected using the same
objective (perpendicular to the excitation light) and passed through the beam splitter.
Afterwards, the radiation passed an edge filter which strongly reduced the Rayleigh light
and enabled the detection of the Raman light (and unwanted luminescence radiation).
Finally, the radiation was directed into a multi-mode optical fiber with a diameter
of 50µm and thereby coupled into the spectrometer. Since the Raman signal is very
weak, the exact alignment of the optical fiber onto the optical axis of the microscope was
crucial. Only then the maximum intensity and, thus, an optimal signal was detected.
The radiation in the spectrometer hit a collimator which parallelized the light. Then,
it was directed to a turret of two different gratings. Depending on the selection of the
gratings (600 l/mm or 1800 l/mm grating), the spectral range and the pixel resolution
changed; see Table 7.1.

600 l/mm 1800 l/mm
Spectral range [cm−1] 100 − 3800 100 − 1150
Pixel resolution [cm−1] 4 1

Table 7.1: Spectral range and pixel (spectral) resolution of two different gratings.

The spectral decomposition of the light and subsequent focusing on the CCD camera
(charge-coupled device) followed. The CCD chip consisted of 1024 x 128 pixels with
an individual size of 26 x 26 µm. With regard to noise reduction, the temperature of
the camera was kept constant at -60 ◦C. The detected frequency-dependent signal was
displayed as Raman spectrum. The frequency shift of a Raman line in relation to the
excitation wavelength is given in relative wavenumbers.
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Excitation wavelength at 1064 nm

The second Raman setup with an excitation wavelength in the near-infrared (NIR)
range is depicted in Figure 7.3.

Figure 7.3: Schematic representation of the Raman setup. Own representation based on [296].
Only parts relevant for Raman measurements are illustrated. Components of the Raman setup:
1. excitation source, 2. sample, 3. Rayshield filter, 4. aperture wheel, 5. CaF2 beam splitter,
6. moving mirror, 7. liquid nitrogen cooled Ge-detector.

The Fourier transform-Raman measurements were performed with the Bruker VER-
TEX 80v FTS and the accessory module RAM II, whereby the instrument was operated
by the OPUS software. Before starting the measurements the sample was positioned
onto a motorized xyz-scan table in the sample compartment. By means of this scan
table the horizontal and vertical position of the sample was adjusted so that the focus
was set and a sharp image of the sample became visible. Then, the excitation radiation
(1064 nm) emitted by an integrated Nd:YAG laser (1) was directed onto the sample.
The laser spot size was about 100µm. The elastically and inelastically scattered ra-
diation of the sample (2) was collected and directed into the optical compartment via
various lenses and mirrors, whereby the Rayleigh radiation was blocked by an edge
filter (3) in the beam path. The aperture wheel (4) allowed selecting different slit
sizes. The light was directed in a Michelson interferometer that consisted of a CaF2
beam splitter (5) creating two beams, whereby one was reflected back by a fixed mirror
and the other by a moving mirror (6). The spectral resolution was determined by the
running path of the movable mirror in the interferometer. Finally, the beam splitter
recombined the reflected light beams of different optical lengths. This resulted in an
interference pattern which was detected by a separate highly-sensitive nitrogen-cooled
Ge-detector (7). The generated interferogram was then converted by Fourier transform
into a Raman spectrum with a spectral range of 70 cm−1 − 3500 cm−1. The frequency
shift of a Raman line in relation to the excitation wavelength was given in relative
wavenumbers.
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Excitation wavelength at 325 nm and 785 nm

The third Raman setup with an excitation wavelength in the ultraviolet (UV) and
the near-infrared (NIR) range is depicted in Figure 7.4.

Figure 7.4: Schematic representation of the Raman setup. Own representation based on [297].
Components of the Raman microscope: 1. stem to move beam splitter, 2. ocular, 3. objective,
4. scan table.

The Raman measurements with an excitation wavelength in the UV (325 nm) and
NIR (785 nm) spectral range were performed with the Labram HR800 Raman system
(Horiba) and the LabSpec 5 software. First, the sample was placed onto the motor-
ized xy-microscope scan table (4) that could be moved in the horizontal plane with
a resolution of 0.1µm. Afterwards, the focus was set by using a white-light source
whose radiation was reflected by a beam splitter on the sample. The beam splitter was
operated by a stem (1), which had to be pushed to position the beam splitter on the
optical axis in the view mode and pulled in the measurement mode.

In the measurement mode the white-light source was replaced by a laser diode or a
He-Ce-laser that emitted light at 785 nm and 325 nm, respectively. This laser radiation
was coupled through an entrance slit into the compartment containing various optic
components. The beam path of the laser radiation can be understood by considering the
top view in Figure 7.4. Here, the laser light enters the compartment from the top and
passes through a density filters wheel (F) that contained three empty places and, if an
attenuation of the laser beam was necessary, six different neutral filters with the optical
density 0.3, 0.6, 1, 2, 3 and 4. Afterwards, the L1 lens focused the laser light, which
was then directed via two mirrors (M1 and M2) onto the notch filter (N). The notch
filter reflected the light in the direction of the objective turret, whereby before reaching
the sample, the lens L2 parallelized the light. The scattered light (elastic and inelastic)
from the sample was collected via the same objective in backscattering configuration
and was finally directed (M3) through the entrance slit of the spectrometer, where it
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was spectrally decomposed by a 600 l/mm (785 nm) and 2400 l/mm (325 nm) grating.
The detection by a silicon CCD detector followed. Finally, the detected frequency-
dependent signal was displayed as Raman spectrum, whereby the frequency shift of a
Raman line in relation to the excitation wavelength was given in relative wavenumbers.

7.3 Data analysis

Since the Raman spectroscopic investigations of the samples by means of various ex-
citation wavelengths could not be realized with only one Raman setup, three different
setups were used for this task. In terms of comparability, using different setups is chal-
langing for several reasons. For instance, all relevant measurement parameters (laser
power, number of measurements and integration time) had to be adjusted according to
the sample as well as to the applied excitation wavelength. Furthermore, the laser spot
sizes on the sample also differed, since these depend on the excitation wavelength (and
numerical aperture of the objective). This also implies that the measurement positions
on the individual samples differed from each other at each excitation wavelength.

The sample set consisted of seven samples and was analysed by different methods
throughout this thesis. This chapter starts with the analysis of the biological (Xantho-
ria elegans, Buellia frigida and the green alga of Circinaria gyrosa) samples. This is
followed by the description of the organic sample (Agar). Finally, the Mars (S-MRS
and P-MRS) and Moon (LRS) analogue mixtures are presented.

7.3.1 Measurement parameters

The analysis of each sample starts with a table showing the relevant measurement
parameters. Raman spectroscopic investigations of the biological, organic and miner-
alogical samples were performed by applying different excitation wavelengths at 325 nm,
532 nm, 785 nm and 1064 nm. The listed measurement parameters depend on the ap-
plied excitation wavelength and were chosen so that a saturation of the respective
detector was prevented and no or only marginal sample degradation was caused.

7.3.2 Biological and organic samples

Sample specific Raman lines are mentioned and compared to values found in literature.
Finally, the components responsible for luminescence in the Raman spectra are iden-
tified. However, the examined samples were very complex systems containing a wide
variety of different pigments. Thus, a clear identification of these pigments might not
always be possible.
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7.3.2.1 Xanthoria elegans

325 nm 532 nm 785 nm 1064 nm
Tint [s] 10 0.1 5 300
Power [mW] 0.01 3 20 10
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 20 600 10 1

Table 7.2: Adjusted measurement parameters for each excitation wavelength. The laser power
of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a calibrated
power meter was not available.

The Raman spectra of Xanthoria elegans measured with different excitation wave-
lengths are mainly dominated by the Raman signal that can be assigned to pari-
etin. Parietin is a secondary lichen component (SLC) that is, among other pigments
e.g. emodin, responsible for the bright yellow-orange colour of the lichen and one
of various pigmented components in the upper cortex [60, 61]. It acts as photopro-
tective compound that protects the organism by absorbing UV radiation and, thus,
preventing that harmful radiation damages other molecules participating in photosyn-
thesis [179,181,189–191].

As already seen in Section 4.2.2 the ability of organic molecules to absorb radiation of
a certain wavelength depends on the size of the conjugated system with its delocalized
π electrons and the functional groups. For example, the anthraquinones parietin and
emodin have almost the same structural formula, whereby the size of the conjugated
system is the same but the functional group is different; see Figure 7.5.

Figure 7.5: Structural formula of the anthraquinones parietin and emodin.

This leads to slightly different absorptions bands of emodin (222.4 nm, 250.2 nm, 269.3 nm,
289 nm and 434 nm) and parietin (222.2 nm, 252.2 nm, 266 nm, 288 nm and 432 nm) [61].

The assignment of Raman lines is carried out by comparing the Raman spectrum in this
study with the results found in literature ( [193] and [194]), whereby it should be noted
that in these studies the Raman measurements of Xanthoria elegans were performed
with a Fourier-transform Raman setup with an excitation wavelength of 1064 nm.
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Excitation wavelength of 325 nm:

Since the first excitation wavelength at 325 nm does not coincide with the absorption
bands of both pigments, unwanted luminescence emission should also not be strongly
present in the Raman spectrum. Of course other luminescent compounds might con-
tribute to this, but since the measured Raman spectrum is almost free of a broad
background signal this seems only to apply to a lesser extent for this sample; see Fig-
ure 7.6. The fact that the excitation wavelength does not overlap with an electronic
transition of the molecule also excludes the enhancement of Raman signal intensities
due to resonance Raman scattering. Nevertheless, seven Raman lines with a moderate
SNR were resolved. These Raman lines at 572 cm−1, 928 cm−1, 1283 cm−1, 1370 cm−1,
1598 cm−1, 1635 cm−1 and 1676 cm−1, which can all be assigned to different modes of
parietin are listed in Table 7.3.

Figure 7.6: Raman spectra of Xanthoria elegans measured with an excitation wavelength of
325 nm, 532 nm, 785 nm and 1064 nm.

The line at 572 cm−1 describes a ring in-plane-bending vibration δring(CCC) coupled to
two other in-plane-bending vibrations δ(C=O) and δ(COC) [193]. Edwards et al. [194]
designated the same mode as skeleton breathing. In the same study the second Raman
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line is characterized as out-of-plane-bending mode δ(CH) of parietin while Fabriciova
et al. [193] assigned it to a ring in-plane-bending vibration δring(CCC) coupled to the
stretching vibration of the methoxy group ν(COC) of parietin. Both measured Raman
lines have rather low intensities while at least the line at 928 cm−1 is designated as
’strong’ by Fabriciova et al. [193] and Edwards et al. [194]. The third line at 1283 cm−1

with medium intensity is attributed to the ring stretching vibration νring(CC), which
is coupled to the stretching ν(COH)/ν(COC), bending δ(OH) and symmetric bending
δ(CH3) modes of parietin [193]. Edwards et al. [194] assigned this line to the in-plane
stretching vibration and the fourth line at 1370 cm−1 to the stretching vibration of
the phenolic group ν(CO). The latter Raman line is explained to originate from the
symmetric in-plane-bending vibration δ(CH3) of parietin’s methyl group by Fabriciova
et al. [193]. In [193, 194] the next Raman line at 1598 cm−1 is rather described as
a shoulder or as medium-weak, respectively. It is attributed to the aromatic ring
stretching νring(CC) [193,194] coupled to the carbonyl stretching ν(C=O) and bending
δ(OH) [193]. In this study it is a good resolved Raman line characterized by a high
intensity. The sixth Raman line at 1635 cm−1 originates from the carbonyl stretching
ν(C=O) [193, 194] coupled to the bending δ(OH) and the ring stretching vibration
νring(CC) [193]. Finally, the last line with very high intensity at 1676 cm−1 is due to
the carbonyl stretching ν(C=O) [194] or the ring stretching vibration νring(CC) coupled
to the stretching mode ν(C=C) and the carbonyl stretching ν(C=O) [193].

The comparison with the Raman spectrum measured with an excitation wavelength of
1064 nm indicates that the broad band at approximately 2925 cm−1 is not visible in
the spectrum measured with 325 nm. It is assumed that this is the result of a non-
resonantly enhanced Raman signal whereas some of the Raman lines discussed so far
seem to be resonantly enhanced.

Excitation wavelength of 532 nm:

The Raman spectrum of Xanthoria elegans measured with this excitation wavelength
is dominated by an extremely high background signal. This is not surprising since the
excitation wavelength of 532 nm lies within the absorption spectrum of the conjugated
system of parietin and is even near the absorption maximum at 505 nm [193]. The
measured emission maximum is at 620 nm corresponding to the value of 625 nm given
by Fabriciova et al. [193]. Due to this extremely high luminescence emission it was not
possible to increase the laser power or integration time without leading to a saturation
of the detector. As a consequence no Raman signals were resolved and, thus, an iden-
tification of this sample using the Nd:YAG laser, which emits continuous radiation at
532 nm, is simply impossible.

Excitation wavelength of 785 nm:

This excitation wavelength also does not lead to detectable Raman lines. The high
luminescence signal decreases over the whole spectral range due to an excitation into
the long wavelength tail of the absorption spectrum beyond the emission maximum. In
literature, resolved Raman lines were obtained using surface-enhanced Raman scatter-
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ing (SERS) with, among others, an excitation wavelength of 785 nm.

Excitation wavelength of 1064 nm:

This excitation wavelength seems to generate the best resolved Raman spectrum of
Xanthoria elegans. Also most Raman spectroscopic analyses of Xanthoria elegans or
key biomolecules such as the highly luminescent pigment parietin use this excitation
wavelength in the NIR to prevent the occurrence of unwanted luminesescence in the Ra-
man spectra [183,189,190,193,195]. In total 45 Raman lines are visible and compared
to literature values; see Table 7.3. Three further strong Raman lines at 1006 cm−1,
1157 cm−1 and 1524 cm−1 can be attributed to another pigment category namely the
carotenoids. These signals are discussed in detail in Section 7.3.2.3. It should be
noted that the Raman spectrum is not totally free of a broadband luminescence signal
although the excitation is in the NIR. The luminescence decreases over the whole spec-
tral range. Both the more or less weak luminescence background and the associated
detection of numerous Raman lines allow for the identification of this sample.

This study [193] [194] Assignments
λex = 325 nm λex = 1064 nm

- - 3106 vw - νc8(OH)/νc1(OH) [193]
- - 3071 w 3069 mw νc1(OH)/νc8(OH) [193]; ν(C=CH)

aromatic [194]
- - 3039 w 3036 mw νc4(CH) [193]; ν(CH) aromatic [194]
- - 2983 sh - νc7(CH) [193]
- - 2936 sh - νc11(CH3)as [193]
- 2925 vs 2921 s 2919 mw, br νc12(CH3)as [193]; ν(CH3)

asymmetric [194]
- - 2874 m - νc12(CH3)s [193]
- - 2861 vw 2845 w νc11(CH3)s [193]; ν(CH3)

symmetric [194]
- - 1702 sh - -

1676 vs 1673 s 1672 s 1671 s νc10(C=O)/νring(CC) [193]; ν(C=O)
conjugated, free [194]

1635 w 1631 sh 1632 sh 1631 mw νc10(C=O)/νc9(C=O)/δ(OH)/
νring(CC) [193], ν(C=O) conjugated,

H-bonded [194]
- 1611 m 1613 s 1613 δc1(OH)/νring(CC) [193]; ν(C=C)

aromatic, quadrant ring stretch [194]
1598 vs 1598 sh 1600 sh 1594 mw νc9(C=O)/δ(OH)/νring(CC) [193];

ν(C=C) aromatic [194]
- 1553 s 1553 s 1553 s δ(OH)/νc9(C=O)/νring(CC) [193];

ν(C=C) aromatic [194]
- 1478 vw 1480 w 1479 mw δ(CH3)as [193]; ring stretch, coupled

with (OH) [194]
- 1455 w 1451 w 1449 mw δc12(CH3)as [193]; ring stretch [194]
- 1424 vw 1430 sh 1428 w δc11(CH3)s/δc2(CH)/δc12(CH3)as

[193]; ring stretch [194]
- 1405 sh 1407 sh - δc1(OH)/δc11(CH3)s/νring(CC) [193]
- 1384 m 1382 m 1387 ms δc8(OH)/δc12(CH3)s/νring(CC)/δ(CH)

[193]; ν(C-O) phenolic [194]
1370 s 1370 m 1370 m 1370 ms δc12(CH3)s [193]; ν(C-O)

phenolic [194]
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This study [193] [194] Assignments
λex = 325 nm λex = 1064 nm

- 1324 w 1320 sh 1321 w δc8(OH)/νc8(COH)/νring(CC)/δ(CH)
[193]; ring stretch, in plane [194]

- 1310 vw 1303 sh δc1(OH)/δc8(OH) [193]
1283 m 1277 vs 1273 vs 1277 vs ν(COH)/δc8(OH)/ν(COC)/νring(CC)/

δ(CH3)s [193]; ring stretch, in
plane [194]

- 1256 m 1256 s 1255 ms δ(OH)/δc4,5,7(CH) [193]; ν(C-O)
aromatic ether [194]

- - 1218 vw 1216 vw δ(OH)/δc5,7(CH) [193]; ring stretch,
C-C chelate [194]

- 1200 w 1200 w 1198 mw δc2,4(CH)/ρc11(CH3)/ν(COC)as
[193]; ring stretch, C-C chelate [194]

- - 1181 w 1180 mw ρc11(CH3)/δc4(CH)/νc11(COC)as
[193]; ring stretch, C-C chelate [194]

- 1158 s 1164 vw 1160 w δc7,2,5,4(CH)/ν(COC) [193]; δ(OH)
phenolic, free, in plane [194]

- 1141 sh 1139 vw 1137 w δc2,4,7(CH)/ρc11(CH3)/ν(COC)as/
νc6(C-CH3) [193]; (C-CH) bend, in

plane [194]
- 1108 w 1106 vw 1104 w δc5,7,2(CH)/δc8(OH)/νc6(C-

CH3)/ν+δring(CCC)/ν(COC) [193];
(C-CH) bend, in plane [194]

- 1042 vw 1040 vw - δc2,4,7(CH)/ν(COC)as/ρc12(CH3)/
νring(CCC) [193]

- - 998 sh - -
- 981 vw 980 vw 979 w ρc12(CH3)/δring(CCC)/ν(COC)as

[193]; ring breathing, δ(C-H) out of
plane [194]

928 w 927 s 927 s 926 s δring(CCC)/ν(COC) [193]; δ(C-H)
out of plane [194]

- 900 w 901 w 906 vw δring(CCC)/ν(COC)ring [193]
- 882 vw 873 w - γc4(CH) [193]
- 861 vw 857 sh - γc7,5(CH)/γ(OH) [193]
- 838 w - - -
- 819 w - - -
- - 782 sh - γ(OH) [193]
- 770 vw 766 vw 765 w δring(CCC)/νc10(C=O)/δc4,5(CH)/

δ(COH)/ν(COC)s/ρc11(CH3) [193];
ν(C=CH) aromatic,

out-of-plane [194]
- 728 vw 728 vw 729 w γring(CCC)/γc4,5(CH) [193]; δ(OH)

phenolic, out of plane [194]
- - 710 sh - -
- - 702 sh - -
- - 685 vw - γring(CCC)/γc7,2,5(CH) [193]
- - 649 sh - γring(CCC)/γc2,4,7,5(CH) [193]
- 633 w 632 w 631 mw δring(CCC)/δ(CCOH)/δ(COC)/

ρ(CH3) [193]; skeletal
deformation [194]

- 610 w 612 w 612 mw γring(CCC)/γc4,7,5(CH) [193];
skeletal deformation [194]

572 w 574 m 572 w 571 m δring(CCC)/δ(C=O)/δ(COC) [193];
skeletal deformation [194]

- 541 vw 549 vw - δring(CCC)/δ(CCOH)/δ(COC)/ρ(CH3)
[193]
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This study [193] [194] Assignments
λex = 325 nm λex = 1064 nm

- 522 m 520 w 519 m δring(CCC)/δ(CCOH)/ρ(CH3) [193]
- - 486 sh 467 ms, sh
- 460 s 460 s 458 s
- 421 w 417 sh 417 vw
- 400 m 400 w 398 ms skeletal deformation [194]
- 362 m 360 w -
- - 344 sh -
- 325 m 325 vw -
- 284 w 280 w -
- 271 w - -
- 246 m 246 w -
- 219 vw 220 sh -
- 157 m - -

Table 7.3: Raman Shifts in [cm−1] of parietin and assignments according to [193] and [194].
vw: very weak, w: weak, m: medium, s: strong, vs: very strong, sh: shoulder, br: broad.
ν: stretching, δ: in-plane bending, γ: out-of-plane bending, ρ: rocking, s: symmetric, as:
antisymmetric. c1,...,12: specification of C-atoms in the parietin molecule.

7.3.2.2 Buellia frigida

325 nm 532 nm 785 nm 1064 nm
Tint [s] 20 1 5 300
Power [mW] 0.02 2 2 5
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 10 100 10 1

Table 7.4: Adjusted measurement parameters for each excitation wavelength. The laser power
of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a calibrated
power meter was not available.

The Raman spectra of Buellia frigida are dominated by the characteristic signal of
melanin. Melanin is, among others, a secondary lichen compound produced by the
mycobiont of Buellia frigida and exists in large quantities in the upper cortex [61]. It is
responsible for the dark colour of the lichen and acts as UV protective substance [298] by
absorbing radiation in high frequency range and subsequently dissipating light energy
into heat [299]. This is done via the mechanism of internal conversion. As a consequence
underlying layers (photobiont) are protected against harmful radiation.

The type of melanin in lichens and, thus, also in Buellia frigida seems to be mostly
unknown [300]. Nevertheless, it is known that melanin is synthesized via two different
pathways. In the first biosynthetic pathway [301–303] the initial substance (precur-
sor) tyrosine is converted into 3,4-dihydroxyphenylalanine (DOPA), and finally into
dopaquinone. This is followed by cyclisation and oxidation reaction and subsequent
polymerization of 5,6-dihydroksyindole or 5,6-dihydroxyindole-2-carboxylic acid to form
eumelanin. Another kind of melanin, pheomelanin, is formed by adding cysteine
to dopaquinone. The chemical structural formula of eumelanin and pheomelanin is
illustrated in Figure 7.7.
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Figure 7.7: Structural formula of eumelanin (left) and pheomelanin (right). (COOH) indicates
substituents of H, COOH or others and arrows indicate a continuation of the polymer.

The second pathway includes the polymerization of 1,8-dihydroxynaphthalene (DHN)
resulting in the formation of allomelanin [303]. An overview about the types, struc-
tural models, biological function and formation routes of melanin is presented in the
review article by Salano [304]. However, different types of melanin are widely dis-
tributed in flora and fauna and, thus, there are several studies of Raman spectroscopic
examinations of melanin in humans (skin [198], hair [198]), animals such as Rana es-
culenta L. (liver [200]), birds (feathers [197, 202]) and sepia [198, 201], fungi [196],
plants [305], but also of synthetic melanin [198, 199]. Galván et al. [197] distinguished
between eumelanin and pheomelanin by means of their different Raman spectra; see
Table 7.5.

pheomelanin [cm−1] eumelanin [cm−1]
500 500

- 1380
1490 -

- 1580
2000 -

Table 7.5: Raman Shifts of pheomelanin and eumelanin determined by Galván et al. [197].

The lichen Buellia frigida is a complex system consisting of many different types of
molecules, e.g. melanin, norstictic acid, etc. in the upper cortex, which obviously
influence the absorption and emission abilities. Thus, the absorption spectra of melanin
and Buellia frigida show different behaviours. Both have a high absorbance in the UV
range that decreases with increasing wavelength (250 nm − 700 nm) [61]. While the
absorption of melanin decreases monotonically [61,306], the absorption of Buellia frigida
exhibits different peaks at 411 nm and 657 nm that can be attributed to chlorophyll
a. Moreover, the peak at 307 nm is characteristic for nostictic acid and the origin
of the peak at 256 nm is not yet identified (unknown compound of the mycobiont of
Buellia frigida) [61]. The large variety of compounds complicates the identification
of molecules responsible for luminescence emission especially because the surrounding
molecules influence each others’ emission behaviour. The complexity of this task clearly
exceeds the framework of this study.
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Considering the Raman spectra excited with different excitation wavelengths (see Fig-
ure 7.8) it is obvious that only an excitation in the green (532 nm) as well as near-
infrared (785 nm) provides results that allow for sample identification.

Figure 7.8: Raman spectra of Buellia frigida measured with an excitation wavelength of
325 nm, 532 nm, 785 nm and 1064 nm. Raman spectra of two different measurement positions
on the sample are shown at 532 nm.

Excitation wavelength of 532 nm and 785 nm:

In most cases an excitation at 532 nm results in a Raman spectrum similar to the
one of amorphous carbon (dark green). This Raman signal is characterized by two
broad bands at approximately 1361 cm−1 and 1560 cm−1 (D- and G-band) [307] and
is an indicator for sample damage. Both excitation wavelengths do not guarantee the
detection of a luminescence free Raman spectrum, whereby at 785 nm a decaying be-
haviour is recorded. The resolved Raman lines are compared to literature values of
melanin, whereby clear differences in number as well as Raman line positions are vis-
ible, which can be explained by the fact, that different systems containing different
types of melanin were examined; see Table 7.6.
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This study λex= [196]1 [196]2 [196]3 [201] [200] [199]1 [199]2 [198]1 [198]2532 nm 785 nm
350 vw 351 w - - - - - - - - -

- - - - - 460 - - - - -
502 w 496 w - - - - - - - - -

- 558 vw - - - - - - - - -
- 625 vw - - - - - - - - -
- 678 vw - - 662 - - - - - -

782 w 782 w - 765 - - - - - - -
- - - 855 - - - - - - -

927 w 925 w - - - - - 927 - - -
- - - - - - - - 942 - -
- - - - - 950-980 - - - - -
- - - - - - - 1027 - - -
- - - - - - - 1075 1078 - -
- - - - - - - 1123 - - -
- - - - - - - - 1139 - -
- - - - - - - 1170 - - -
- - - 1201 - - - - 1200 - -
- - - - - ∼1210 sh 1220 1213 - - -

1243 vw 1238 vw 1249 - - - - - - - -
- 1254 vw - 1257 - - - 1258 1268 - -
- 1282 vw - - - - - - - - -
- - 1305 - - - - 1303 - - -
- 1313 s - - - - - - - - -

1326 s - - - - ∼1330 sh - - 1335 - -
- - - 1349 - - 1341 1345 - - -

1388 w 1391 m - - 1383 ∼1400 - 1389 - 1396-1406 1374-1387
- - - - - - - - 1407 - -
- - - - - - 1418 1422 - - -

1450 s 1453 m - - 1446 - - - - - -
1474 s 1475 m - - - - - 1469 - - -

- - - - - - 1510 1510 - - -
- - - 1536 - - - - 1528 - -
- - - - - ∼1550 sh - 1545 - - -

1568 s 1565 m - 1574 - ∼1600 1590 1587 - 1579-1582 1588-1595
1624 w 1628 m 1610 1615 1609 - - 1621 1617 - -

- - - - - - - 1663 - - -
- - - - - - 1690 1703 - - -
- - - - - - - - 1717 - -
- - - - - - - 1735 - - -
- - - - - - - 1775 1771 - -
- - 2862 2852 - - - - - - -
- - 2916 2934 - - - - - - -

Table 7.6: Raman Shifts in [cm−1] of melanin. Results obtained in this study are compared to
various literatur values. Martin-Sanchez et al. investigated three different fungi − Ochroconis
sp. [196]1, Aspergillus niger [196]2 and Stachybotrys chartarum [196]3 − with SERS using λex =
514 nm. Eumelanin of sepia [201] and melanin extracted from the liver of Rana esculenta L. [200]
were examined using λex = 633 nm. SERS [199]1 and ’classical’ Raman spectroscopy [199]2 λex

= 633 nm were performed to detect synthetic eumelanin. Corresponding assignments can be
found in [199]. Huang et al. performed Raman spectroscopy using four different excitation
wavelengths (458 nm, 514.5 nm, 633 nm, 785 nm) to compare melanin from sepia [198]1 and
synthetic melanin [198]2. vw: very weak, w: weak, m: medium, s: strong, sh: shoulder.
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Excitation wavelength of 325 nm and 1064 nm:

The excitation wavelength of 325 nm is near the absorption peak of nostictic acid
(307 nm) resulting in an increasing luminescence background signal with increasing
wavelength (325 nm − 374 nm). Raman lines for sample identification are totally ab-
sent possibly due to the low laser power of 0.02 mW. Higher laser powers led to laser-
induced sample damage. The same applies in the case of an excitation at 1064 nm.
Here, a broad background signal is visible showing water absorption features between
2050 cm−1 and 2325 cm−1; see Section 7.3.4.

7.3.2.3 Green alga of Circinaria gyrosa

325 nm 532 nm 785 nm 1064 nm
Tint [s] 10 0.1 5 300
Power [mW] 0.02 0.1 20 10
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 20 900 10 1

Table 7.7: Adjusted measurement parameters for each excitation wavelength. The laser power
of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a calibrated
power meter was not available.

The shape of Raman spectra of the green alga of Circinaria gyrosa is formed by in-
elastically scattered (Raman) as well as emission photons originating from pigments
such as chlorophyll and various carotenoids. Both types of pigments are essential con-
stituents of the photosynthesis process, where light energy is converted into chemical
energy and molecular oxygen is produced. The photosynthesis system contains the
so-called photosystem I (PS I) and photosystem II (PS II). These multi-protein com-
plexes consist of a peripheral antenna system and a reaction center and are located in
the thylakoid membrane of the chloroplasts. The individual structures and complex
reaction processes of PS I and PS II are described in detail in the review article by
Caffarri et al. [308]. Based on this article it follows a very short overview of the main
compounds of the antenna system and the reaction center.

The antenna system and the reaction system

The antenna system is characterized by an increased absorption capability of the inci-
dent light due to delocalized π-electron systems of pigments such as chlorophyll a and
b (primary absorbing pigment), lutein, β-carotene, violaxanthin and neoxanthin. The
individual structural formulas are shown in Figure 7.9. The carotenoids additionally
act as protective pigments by quenching chlorophyll in its triplet state and, thus, pre-
venting the formation of toxic singlet oxygen [179, 188]. Triplet oxygen can also be
directly quenched [2, 183, 187]. However, the absorbed energy is transferred via these
pigments to the reaction center. The underlying processes are the so-called Förster and
Dexter energy transfer processes (see Section 4.4.4). Reaching the reaction center the
light excites a molecule of a chlorophyll a pair. The excited electron is transferred to
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the primary electron acceptor (phaephytin in PS II and phyllochinone molecule in PS
I) and after further electron transfer chains NADPH (the reduced form of nicotinamide
adenine dinucleotide phosphate) is produced. The lost electrons in PS I are replaced
by electrons from PS II via the electron transport chain, and lost electrons in PS II are
replaced by the water splitting process whereby also oxygen is released.

Figure 7.9: Structural formulas of the carotenoids β-carotene, lutein, violaxanthin and neox-
anthin and chlorophyll a and b.

Excitation wavelength of 325 nm:

The comparison of Raman spectra measured with different laser sources shows that
an excitation in the UV at 325 nm seems to be an unsuitable excitation wavelength
in this case; see Figure 7.10. No Raman lines were detected (SNR ≤ 3) which is pos-
sibly caused by the low laser power of approximately 0.02 mW. Increasing the laser
power led to sample degradation. Moreover, this spectral region is not at all free of
an unwanted luminescence background signal whose intensity increases with increasing
wavenumber. A possible explanation for this luminescence emission could be the amino
acid tryptophan [309].
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Figure 7.10: Raman spectra of the green alga of Circinaria gyrosa measured with an excitation
wavelength of 325 nm, 532 nm, 785 nm and 1064 nm.

Excitation wavelength of 532 nm:

Here, further constituents of the green alga are responsible for luminescence emis-
sion in the longer wavelength range. Dartnell et al. [309] studied, among others, the
excitation and emission spectra of the cyanobacterium Synechocystis sp., whose com-
ponents, namely flavin-adenin-dinukleotid (FAD), phycocyanin, the reduced form of
nicotinamide adenine dinucleotide phosphate (NAD(P)H), the oxidized form of nicoti-
namide adenine dinucleotide (NAD+), scytonemin and chlorophyll a are similar to those
of the green alga. A rather low emission between 532 nm − 600 nm is probably caused
by FAD. The dominant emission band between 630 nm − 780 nm consists of three over-
lapping bands with peak positions at 693 nm, 704 nm and a shoulder at 734 nm that
can be assigned to the light-harvesting pigment chlorophyll a; see Figure 7.11. These
are slightly shifted compared to the emission bands at 690 nm and 710 nm (shoulder)
measured at 77 K by Mullet et al. [310] or the bands at 686 nm, 696 nm and 735 nm −
740 nm measured at 188 K and 77 K by Goedheer [311].
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Figure 7.11: Chlorophyll luminescence in the Raman spectra of the green alga of Circinaria
gyrosa excited at 532 nm.

Apart from luminescence there are also the characteristic Raman lines of carotenoids
resolved. However, a distinction of the different occurring carotenoids in a complex sys-
tem due to Raman lines is difficult. Thus, there will be no attempt of a further specifi-
cation of this pigment group in this study, although the assignments of the Raman lines
follow those found in studies examining β-carotene. The three well-known dominant
signals at 1004 cm−1, 1158 cm−1 and 1527 cm−1 can be assigned to the CH3 in-plane
rocking mode, C-C stretching vibration coupled to the C-H in-plane bending vibration
and C=C stretching mode, respectively [204], whereby a more detailed assignment is
discussed in various studies; see Table 7.8. However, despite the low laser power these
lines are characterized by a high SNR, which is a consequence of the resonance Raman
effect [204,205]. This enhancement occurs because the excitation wavelength (532 nm)
lies within the absorption spectrum of the carotenoids. These pigments absorb wave-
lengths between 300 nm and 550 nm [312,313] corresponding to the electronic transition
S0 → S2 [314–316]. More precisely, the excitation wavelength is at the falling edge of
the absorption spectrum. This and the fact that the absorption maximum is at ap-
proximately 440 nm − 450 nm implies that a laser source with an even lower excitation
wavelength such as 442 nm or 488 nm would probably result in further enhancements
of the carotenoids-related Raman lines, provided that luminescence contribution is low.

Excitation wavelength of 785 nm and 1064 nm:

Longer excitation wavelengths at 785 nm and 1064 nm result in numerous resolved Ra-
man lines of carotenoids on top of a decaying luminescence background signal. Line
positions and assignments are given in Table 7.8. Less specific assignments of the three
main Raman signals at ∼ 1 004 cm−1, ∼ 1 158 cm−1 and ∼ 1 527 cm−1 are reported by
Merlin [204].
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This study λex= measured [316] calculated Assignments [316]532 nm 785 nm 1064 nm KBr (Cyclohexane) [316]
- 731 w - - - -
- 746 m - - - -
- 756 sh - - - -
- 901 vw - - 899 10Hw, T(9=10), 8Hw
- 917 m - - - -

965 w - - 965 (960) 967 T(11=12), 12Hw, 11Hw
- 990 m - - - -

1004 m 1003 m 1004 m 1008 (1005) 1004 13r, 12-13, 13ad
- 1048 w - - - -
- 1072 w - - 1064 9r, 9ad
- 1116 m - - - -
- 1146 sh - - - -

1158 s 1159 s 1158 s 1157 (1157) 1151 14-15, 15H, 15=15’
1187 w 1187 s 1185 m 1190 (1190) 1192 10H, 11H, 8-9

- 1220 m - 1212 (1212) 1212 12-13, 14H, 15=15’
- 1267 w 1266 vw 1269 (-) 1261 11H, 12H, 8-9
- 1290 m 1285 w - - -
- 1306 w 1305 vw - 1308 8H, 8-9, 6-7
- 1328 s 1330 w - - -
- 1355 w 1357 w 1352 (-) 1347 13-m, 14H, 13sd
- 1391 w 1391 w 1391 (1391) 1393 13sd
- 1441 m - 1442 (-) 1447 13ad, 13r
- - 1451 w - 1451 9ad, 9r, (13ad)
- 1493 w - - - -

1527 s 1528 s 1526 s - - 13=14, 11=12, 12H
- 1553 m - 1516 (1525) 1524 9=10, 13=14, 7=8
- 1610 w 1598 w 1583 (1597) 1591 7=8, 9=10, 7H
- - 1667 w - - -
- - 2857 m - - -
- - 2888 m - - -
- - 2919 m - - -
- - 2934 m - - -

Table 7.8: Peak position of the Raman lines in [cm−1] of the green alga of Circinaria gyrosa
resolved by an excitation wavelength of 532 nm, 785 nm and 1064 nm. vw: very weak, w: weak,
m: medium, s: strong, sh: shoulder. Raman signals are compared to the measured and calcu-
lated signals of all-trans β-carotene by Saito et al. [316]. Abbreviations for the vibrations are
explained by the following examples: 11=12, stretching of the C11=C12 bond; 12-13, stretching
of the C12-C13 bond; 13-m, stretching of the C13-CH3 bond; 11H, in-plane bending of the C11H
bond; 13sd and 13ad, asymmetric and symmetric deformations of the methyl group bonded to
C13; 13r, rocking of the methyl group bonded to C13; T(11=12). torsion about the C11=C12
bond; 11Hw, out-of-plane wagging of the C11H bond. C1,...,15: specification of C-atoms in the
β-carotene molecule.
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7.3.2.4 Agar

325 nm 532 nm 785 nm 1064 nm
Tint [s] 20 1 5 300
Power [mW] 0.001 8 20 500
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 10 900 10 1

Table 7.9: Adjusted measurement parameters for each excitation wavelength. The laser power
of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a calibrated
power meter was not available.

Agar serves, among others, as growth medium for various microorganisms. The main
constituents of Agar are the polysaccharides agarose and agaropectin whose structural
formulas are illustrated in Figure 7.12. Further uses and properties are described in
detail in [252].

Figure 7.12: Structural formula of agarose (left) and agaropectin (right).

Excitation wavelength of 325 nm:

The excitation in the ultraviolet spectral range provides a Raman spectrum without
any resolved Raman lines and an increasing background with increasing wavelength;
see Figure 7.13. Thus, this excitation wavelength is inappropriate to investigate Agar.
It should be noted, that the laser power had to be attenuated to 0.001 mW to prevent
laser-induced sample damage.

Excitation wavelength of 532 nm and 785 nm:

Green laser radiation leads to a Raman spectrum that can be used to identify the
sample by means of its characteristic Raman lines. Nevertheless, the SNR is rather
low due to the particularly pronounced luminescence background signal. The Raman
Shifts are at lower as well as at higher wavenumbers compared to the position of the
luminescence maximum (2220 cm−1 corresponds to 603 nm).

The comparison of the Raman spectra excited at 532 nm and 785 nm shows that the
SNRs of both spectra are sufficient for identification. The most obvious difference is
the shape of the luminescence background, since it has a decaying character with in-
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creasing wavelength (785 nm − 1144 nm). This behaviour results from an excitation
into the long wavelength tail of the absorption spectrum beyond the emission maximum.

Figure 7.13: Raman spectra of Agar measured with an excitation wavelength of 325 nm,
532 nm, 785 nm and 1064 nm.

Excitation wavelength of 1064 nm:

The luminescence further reduces by a longer excitation wavelength (1064 nm). This
results in numerous well resolved Raman lines (Table 7.10) on top of a decaying lu-
minescence background with increasing wavenumber. The comparison with the other
excitation wavelengths shows that the number of resolved Raman lines increases with
increasing excitation wavelength. The significant enhancement of the SNR, which is
mainly due to the weak luminescence, enables the easy identification of this sample.
Nevertheless, it should be noted that a rather high laser power (500 mW) and a long
integration time are necessary to obtain such results.

90



7.3. DATA ANALYSIS

532 nm 785 nm 1064 nm
348 vw 357 w 356 m

- 402 vw 406 w
455 vw 452 w 458 m

- - 549 w
560 vw - 564 w
660 vw - 660 w

- - 716 w
740 w 740 m 741 s
772 w 771 vw 772 w

- - 788 vw
842 w 842 m 844 s
886 w 888 m 894 s

- - 938 w
965 vw 965 vw 969 m

- - 986 sh
1047 sh 1054 sh

1085 w 1080 m 1081 s
- - 1116 sh

1140 vw 1135 sh
- - 1216 w
- - 1254 m
- - 1287 m
- - 1332 m
- - 1347 m
- 1361 m 1361 m
- - 1395 sh
- 1412 vw 1407 w
- 1462 w 1472 m

2918 m 2910 m 2907 vs
2976 m 2966 m 2965 vs

Table 7.10: Peak position of the Raman lines in [cm−1] of Agar resolved by an excitation
wavelength of 532 nm, 785 nm and 1064 nm. vw: very weak, w: weak, m: medium, s: strong,
vs: very strong, sh: shoulder.

7.3.3 Mineralogical samples

Raman spectroscopic examinations were performed on different sample positions, be-
cause the Mars and Moon pellets were analogue mixtures consisting of various minerals.
Depending on the measurement position on the sample, Raman signals were obtained
that can be assigned to different minerals and also different shapes of luminescence
background were obtained. There are several databases (e.g. rruff [317] and Handbook
of Minerals Raman Spectra [318]) containing, among others, the Raman spectra of the
individual minerals of the analogue mixtures which can be used for comparison. In
particular, the different background signals are of special interest. They are the re-
sult of various impurities, so-called activators or luminescence centers, within the host
lattice (see Section 4.2.3). Since the samples contained different minerals and every
host lattice can contain various luminescence centers, there are many possibilities of
the occurrence of unwanted luminescence emission of different origins. This is mirrored
by the different shapes of background signal in the Raman spectra. As a consequence,
especially in cases of broad emission bands, a clear identification of the responsible el-
ements is complicated. The assignment of luminescence centers was done by means of
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the monograph by Graft et al. [25]. If other references were used, they would explicitly
be referred to.

7.3.3.1 S-MRS

325 nm 532 nm 785 nm 1064 nm
Tint [s] 10 1 10 180
Power [mW] 1 8 20 25
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 10 60, 900 10 1

Table 7.11: Adjusted measurement parameters for each excitation wavelength. The laser
power of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a
calibrated power meter was not available.

Some representative Raman spectra of the Mars analogue mineral mixture (S-MRS)
for each excitation wavelength are shown in Figure 7.14.

Figure 7.14: Stacked Raman spectra of S-MRS measured with an excitation wavelength of
325 nm, 532 nm, 785 nm and 1064 nm.
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Excitation wavelength of 325 nm:

The resolution of the Raman signals in most measured Raman spectra is less influ-
enced by an interfering background. This guarantees the identification of various min-
eral phases such as gypsum, quartz and olivine. Nevertheless, there are also some
cases where the luminescence background (maximum position at 348 nm) dominates
the spectrum, whereby the causative luminescence center could not be identified. De-
spite this, the SNR of the Raman lines of gypsum and ilmenite is sufficient for sample
identification.

Excitation wavelength of 532 nm:

The simultaneous appearance of Raman features and unwanted, mostly broadband,
luminescence background determines the shape of every Raman spectrum. The lumi-
nescence shape is very variable, which becomes apparent by considering the spectral
positions of the luminescence maximum values; see Figure 7.15.

Figure 7.15: Spectral position of the luminescence maximum of every Raman spectrum ob-
tained from different measurement positions with an excitation wavelength of 532 nm.

These values are distributed between 1678 cm−1 and 3269 cm−1, which indicates that a
wide range of luminescent centers in different minerals are responsible for the broadband
background signal. In rare cases additional narrowband luminescence lines at 2420 cm−1

and 2693 cm−1 corresponding to 611 nm and 621 nm occur. These originate from the
usually in small amounts (a few ppm) occurring trivalent REE Eu3+ in plagioclase
feldspar and have a long decay time of 550µs. However, the signal strength of the
Raman lines is still sufficient to identify various mineral phases such as plagioclase,
pyroxene, gypsum, hematite, goethite, ilmenite and olivine.
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Excitation wavelength of 785 nm:

For this excitation wavelength well resolved Raman lines attributed to hematite, gyp-
sum, siderite, quartz and olivine in the spectra are on top of a decreasing luminescence
background with increasing wavenumber. In some cases (see top spectrum) appear
overlapping narrowband luminescence lines at:

1253 cm−1 =̂ 871 nm
1278 cm−1 =̂ 873 nm
1312 cm−1 =̂ 875 nm

1396 cm−1 − 1439 cm−1 =̂ 822 nm− 885 nm (broad band)
1607 cm−1 =̂ 898 nm
1689 cm−1 =̂ 905 nm

The shape (FWHM, relative intensities and line positions) indicates that this pro-
nounced feature is possibly caused by the luminescence center Nd3+ (see Section 7.3.3.3).

Excitation wavelength of 1064 nm:

The Raman spectra are dominated by broad background signals of different shapes.
Raman lines at 225 cm−1, 292 cm−1, 408 cm−1, 497 cm−1 and 608 cm−1, which can be
attributed to hematite, are resolved on top of these disturbing signals. In addition,
special features in the form of several sharp lines between 2000 cm−1 and 2500 cm−1

are conspicuous and will be discussed in detail in Section 7.3.4.

7.3.3.2 P-MRS

325 nm 532 nm 785 nm 1064 nm
Tint [s] 10 1 10 600
Power [mW] 1 8 20 35, 100
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 10 60, 900 10 1

Table 7.12: Adjusted measurement parameters for each excitation wavelength. The laser
power of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a
calibrated power meter was not available.

A selection of Raman spectra of the Phyllosilicatic Mars Regolith Simulant (P-MRS)
is shown in Figure 7.16

Excitation wavelength of 325 nm:

The obtained Raman spectra show well resolved Raman lines that allow for the iden-
tification of various mineral phases such as siderite, plagioclase, kaolinite, olivine and
quartz. The weak luminescence background intensity hardly represents a problem for
the characterization of the sample. Thus, 325 nm is a good alternative to longer exci-
tation wavelength such as 532 nm.
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Figure 7.16: Stacked Raman spectra of P-MRS measured with an excitation wavelength of
325 nm, 532 nm, 785 nm and 1064 nm.

Excitation wavelength of 532 nm:

Here, each Raman spectrum is dominated by a broadband luminescence background
signal, which masks the Raman signals. However, in rare cases a less pronounced back-
ground signal enables the detection of Raman lines (siderite, hematite and amorphous
carbon originating from chamosite). Usually only the background signal is visible which
prevents the successful identification of the sample and, thus, clarifies this excitation
wavelength being inappropriate for the investigation of this mineralogical mixture. The
variation of the spectral position of the luminescence maximum (Figure 7.17) indicates
that different luminescence centers in numerous mineral phases are responsible for this
disturbing emission. However, since the mineral chamosite is the main difference be-
tween the P-MRS and S-MRS mixture, it is assumed, that this component is mainly
responsible for the strong luminescence background signal in the Raman spectra.
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Figure 7.17: Spectral position of the luminescence maximum of every Raman spectrum ob-
tained from different measurement positions with an excitation wavelength of 532 nm.

Excitation wavelength of 785 nm:

The Raman spectra are usually shaped by characteristic Raman lines on top of a lu-
minescence background that decreases with increasing wavenumber. This wavelength-
dependent behaviour is caused by an excitation into the long wavelength tail of the
absorption spectrum beyond the emission maximum. In some cases also narrowband
luminescence lines (top spectrum) at:

343 cm−1 =̂ 807 nm
1062 cm−1 =̂ 856 nm
1276 cm−1 =̂ 872 nm
1395 cm−1 =̂ 882 nm
1588 cm−1 =̂ 897 nm
1609 cm−1 =̂ 898 nm
1711 cm−1 =̂ 907 nm
1919 cm−1 =̂ 924 nm
2041 cm−1 =̂ 935 nm
2071 cm−1 =̂ 937 nm
3018 cm−1 =̂ 1029 nm
3152 cm−1 =̂ 1043 nm
3365 cm−1 =̂ 1067 nm
3487 cm−1 =̂ 1081 nm
3716 cm−1 =̂ 1108 nm

occur. These are probably the result of the luminescence center Nd3+. Despite these
broad- and narrowband luminescence contributions, various mineral phases such as
plagioclase, hematite, quartz and siderite can be identified.
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Excitation wavelength of 1064 nm:

Although the Raman spectra were recorded using a long integration time, the Ra-
man signals of hematite and quartz are rather weak. A particular conspicuous aspect
are the broad background signal and the sharp lines between 2000 cm−1 and 2500 cm−1,
whose origins are examined in the Sections 7.3.4 and 7.3.5. All of these information
demonstrate, that an excitation wavelength of 1064 nm is not the most appropriate for
the investigation of this mineral mixture.

7.3.3.3 LRS

325 nm 532 nm 785 nm 1064 nm
Tint [s] 10 1 10 300
Power [mW] 1 8 20 15
Spot diameter [µm] 0.8 2.6 1.7 100
Accumulations 10 60 10 1

Table 7.13: Adjusted measurement parameters for each excitation wavelength. The laser
power of the excitation wavelength of 325 nm and 785 nm could only be estimated, since a
calibrated power meter was not available.

A selection of different spectra provided by different excitation wavelengths is given in
Figure 7.18. It should be noted that the Raman spectrum of the mineral plagioclase was
measured with each of the four excitation wavelengths. This is not surprising since pla-
gioclase was the main constituent of this sample mixture; see Section 5.3. Plagioclase
feldspar are solid solutions between albite (NaAlSi3O8) and anorthite (CaAl2Si2O8)
and can contain a wide variety of impurity centers such as Tl+, Pb+, Pb2+, Gd3+,
Ce3+, Er3+, Dy3+, Sm3+, Nd3+, Tb3+, Eu2+, Eu3+, Mn2+, Fe3+, Cr3+ leading to nar-
row as well as broad emission bands under different excitation wavelengths. Further
interpretations of luminescence and its origin in minerals are based on the examinations
by Graft et al. [25].

Excitation wavelength of 325 nm:

Under UV excitation the luminescence contribution clearly dominates the Raman spec-
trum. The spectral position of the maximum is at approximately 350 nm. The Ce3+

and Tm3+ emission centers with a luminescence maximum at 360 nm and 363 nm, re-
spectively, are those substituents in apatite whose emission lines are closest to those
measured in this study – although no characteristic Raman lines of apatite are visible.
The feldspar anorthoclase emits light at 335 nm due to the luminescence center Ce3+.
This is also close but does not coincide with the background shape measured in this
study. Thus, a clear identification of the cause of the luminescence contribution is not
possible. Apart from the luminescence background, there are weak Raman signals re-
solved which can be assigned to plagioclase, pyroxene and olivine.
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Figure 7.18: Stacked Raman spectra of LRS measured with an excitation wavelength of
325 nm, 532 nm, 785 nm and 1064 nm.

Excitation wavelength of 532 nm:

Among the considered excitation wavelengths in this study, an excitation at 532 nm
is the best choice to provide spectra with well resolved Raman lines of the lunar ana-
logue material. Apart from plagioclase Raman signals that can be assigned to ilmenite,
hematite, pyroxene and olivine are visible. The individual shapes of luminescence back-
ground are very variable with maxima ranging between around 570 nm − 630 nm. As
a consequence possible reasons for this variability are a diverse set of luminescence
centers. Furthermore, the shape and the position of the well resolved narrow lumi-
nescence lines at 611 nm and 623 nm correspond well to the emission lines of Eu3+ in
feldspar at 614 nm and 624 nm. Thus, attention must be paid to not interpret them as
plagioclase-related Raman lines.
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Excitation wavelength of 785 nm:

All Raman spectra show the same dominant features independent of the measurement
position on the sample. These more or less narrow signals at:

293 cm−1 =̂ 803 nm
1313 cm−1 =̂ 875 nm
1423 cm−1 =̂ 884 nm
1678 cm−1 =̂ 904 nm
3278 cm−1 =̂ 1057 nm

originate from the substituent Nd3+ in albite. More precisely, after absorption of the
785 nm laser radiation by the trivalent REE Nd3+ with 4f3 electronic configuration, the
electrons in the ground state 4I9/2 undergo electronic transition to 4F5/2 (see Figure
7.19). It follows the radiationless relaxation to the lowest excited state 4F3/2 and
subsequent luminescence emission by the 4F3/2 → 4I9/2 electronic transition [232]. It
should be noted that already minor amounts of REE in a host mineral can be detected
by Raman spectroscopy. It was shown that less than 1 ppm of Nd3+ in zircon was
detected using an excitation wavelength of 785 nm [234], for instance.

Figure 7.19: Schematic representation of the splitting of energy states of the rare earth ion
Nd3+ with 4f3 configuration. Own representation based on [232].

Although very weak Raman lines of pyroxene, olivine and plagioclase are still visible on
top of the structured background signal, it is obvious that the application of a shorter
excitation wavelength is more suitable for mineral identification.
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Excitation wavelength of 1064 nm:

An even longer excitation wavelength of 1064 nm does not lead to better results. Weak
Raman lines of plagioclase and a broad band at 798 cm−1 (720 cm−1 shoulder) possi-
bly assigned to an iron containing mineral phase are present on top of a structured
background. The occurrence of luminescence contributions from substituting elements
in natural feldspars can also not be excluded. The appearance of sharp lines between
2000 cm−1 and 2350 cm−1 and the rise of the background at approximately 2200 cm−1

is similar to those appearing in the Raman spectra of the P-MRS pellet and are exam-
ined in Section 7.3.4.

7.3.4 Absorption lines

The sharp lines in the Raman spectra of Buellia frigda, S-MRS, P-MRS and LRS
excited at 1064 nm can most likely be assigned to the absorption lines of water. This
is assumed, because the sample compartment of the setup could not be evacuated
(1010 hPa) in contrast to the optic compartment (1.8 hPa); see Figure 7.2. Thus, the
Raman measurements were performed under ambient air as well as under vacuum
conditions. The presence of water absorption lines in the Raman spectra was verified
by measuring the transmission spectrum under ambient atmospheric conditions using
the Bruker VERTEX 80v FTIR spectrometer. The setup was equipped with a halogen
lamp serving as excitation source, a CaF2 beam splitter and an InGaAs detector. When
comparing the Raman spectrum with the transmission spectrum, the same sharp lines
between 1900 cm−1 and 2500 cm−1 are found; see Figure 7.20.

Figure 7.20: The comparison of the transmission spectrum (blue) with the Raman spectrum
of S-MRS (brown).

Although the comparison of the measured data with different literature values (HI-
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TRAN data base [319] and data generated by the ATRAN modelling software [320])
shows small deviations, similarities are clearly evident and the overall trend matches.
Thus, in this study the sharp features are identified as water absorption bands. The
appearance of such absorption lines in the Raman spectra could interfere with sample
specific Raman lines, although the spectra of the samples examined in this study do
not exhibit Raman lines in this spectral region.

7.3.5 Thermal radiation

The excitation wavelength of 1064 nm led to a broad background signal in the Ra-
man spectra of P-MRS and LRS. This is assumed to be caused by thermal radiation
originating from sample heating by the laser excitation light.

For the purpose of understanding the origin of this feature, another Moon analog sample
JSC-1 (source: NASA Johnson Space Center, Houston, TX 77058) with a similar
composition as the LRS mixture was investigated, since here the rising background
signal is particularly pronounced. Each Raman measurement of the measurement series
was performed at the same sample position, whereby the laser power used for recording
the Raman spectra was increased in 5 mW steps starting at 25 mW; see Figure 7.21.
With an increasing laser power the spectral position of the maximum signal shifted
to shorter wavelengths which implies that the sample was heated by the excitation
radiation. This effect is described by Wien’s displacement law which can be derived
from Planck’s law.

Figure 7.21: Raman spectra of the Moon analog sample JSC-1 measured by applying different
laser powers (left). The spectral positions of the maximum intensity signals of the Raman
spectra versus laser power (right).

However, Planck’s law does not sufficiently describe the shape of the background signal.
This is above all due to the fact that Planck’s law describes the emission properties of
a black body and not those of the samples examined in this study. Further important
aspects are the sensitivity characteristics of the Ge-detector and the CaF2 beam split-
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ter. Especially the transmission/reflection characteristics of the beam splitter show
similarities with the shape of the background signal in the Raman spectrum and, thus,
probably determine the overall shape.

7.3.6 Summary

Choosing different excitation wavelengths to investigate biological and organic as well
as mineralogical samples provide in any case at least one good result. The quantitative
comparison of the different excitation wavelengths is challenging, since the measurement
parameters had to be adjusted. Leaving these parameters aside, an overview of the
qualitative results in the form of a table is given in Table 7.14.

Table 7.14: Schematic overview of the results of the Raman spectroscopic investigation of
space-relevant samples using different excitation wavelengths. Green coloured cells represent
the Raman spectra with the best quality allowing unambiguous identification of the investigated
sample. Yellow coloured cells represent Raman spectra with lower quality, which still can be
used for sample identification. Red coloured cells represent the case where Raman signals are
totally absent and, thus, an identification by means of these Raman spectra is impossible.

This table emphasizes the most appropriate excitation wavelength (green coloured cells)
for the Raman spectroscopic investigations of the samples analysed in this study. The
yellow coloured cells represent the case, where Raman signals are still resolved but
the intensity, resolution or number of Raman lines is inferior to the best case (green
coloured cells). Furthermore, the intensity, the spectral position and the shape of
the luminescence background can interfere with the detection of these Raman lines.
Nevertheless, these excitation wavelengths can be used for sample identification. For
a detailed specification of the reasons leading to deterioration of the Raman spectra’s
quality it is referred to the discussions of the individual samples in this chapter. The
red coloured cells represent the case where Raman signals are totally absent due to
sample degradation or luminescence contributions, for instance. Here, an identification
is not possible using the corresponding excitation sources.

Based on the results shown in Table 7.14 an excitation wavelength in the NIR is recom-
mended to investigate the biological samples whereas a shorter excitation wavelength
is preferred to analyse the mineralogical samples. Note that a green laser excitation
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(532 nm) and the corresponding spectral range of the Raman spectrum is within the
highest sensitivity range of the detector (Si-CCD).

Of course, for the evaluation of this ’method’, which includes the application of different
excitation wavelengths, the practical applicability and, thus, the adjustable measure-
ment parameters have to be taken into account. For instance, the total measure-
ment time to record a well resolved Raman spectrum with an excitation wavelength
of 1064 nm as well as 325 nm and 785 nm is relatively long. In the former case, this
is because the Raman intensity is inversely proportional to the 4th power of the exci-
tation wavelength and, thus, sufficient photons must be collected. In the latter case,
the reason for the long measurement time is the fact that the used gratings (325 nm:
2400 l/mm and 785 nm: 600 l/mm) had to be rotated several times to enable the de-
tection of the entire spectral range of 0 cm−1 − 4000 cm−1. This means, that at an
excitation wavelength of 325 nm (785 nm) the used grating had to be slightly rotated
five times (eight times). As a consequence the total measurement time increased by a
factor of five (eight).

Concluding, by means of Table 7.14 it is obvious that there is no single excitation
wavelength that provides ideal results for all examined samples in this study. This
implies, that, in the actual case of investigating unknown samples, the Raman setup
should contain several excitation wavelengths. This would significantly increase the
size of the instrument as well as the costs. On the other hand, if the scientific research
question is restricted by investigating either biological or mineralogical materials, then
due to Table 7.14 one excitation wavelength might be sufficient.
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Chapter 8

Photobleaching

In this chapter, it is examined to what extent a prolonged irradiation of the samples
suppresses disturbing luminescence in the Raman spectra. This procedure is called
photobleaching.

8.1 Theory

Photobleaching vs. fluorescence decay process

The difference between the photobleaching and the fluorescence decay process is de-
picted in Figure 8.1 and briefly considered in the following section, before going into
theoretical detail on the various pathways of the photobleaching mechanism.

Figure 8.1: Schematic representation of the difference between the photobleaching and the
fluorescence decay processes. Own representation based on [321].

It is separated between pulsed and continuous excitation and the corresponding types
of emission [321]. Regardless of the type of excitation, a molecular electronic transition
from the ground state to an excited state via absorption takes place. After pulsed ex-
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citation the depopulation (radiative and radiationless transitions see Section 4) of this
excited state can be measured as an exponential or multiexponential fluorescence decay
curve. The typical time range is within a few nanoseconds. If photobleaching occurs,
the initial fluorescence intensity will decrease with every laser pulse. The difference
between both processes is visualized in Figure 8.1 (bottom left). Under continuous
excitation the photobleaching process causes a decrease of fluorescence due to irre-
versible photochemical destruction of the fluorescence emitting molecule. The duration
of bleaching can be in the range of microseconds to minutes.

Photobleaching

At the beginning of this section an exact definition of the term photobleaching is nec-
essary. For this purpose, two different processes have to be considered: the reversible
and the irreversible photobleaching mechanism. Both processes have in common that
the luminescence intensity is reduced by the interaction of a luminescent molecule
(fluorophore) in the excited state with a neighbor molecule [322]. This results in a
radiationless deactivation of the excited molecule and, thus, a transition to its ground
state. Note, that the exact mechanisms of photobleaching are complex and mostly
unknown regarding most luminescent molecules.

Photophysical Bleaching (Quenching)

The reversible photobleaching is also called photophysical bleaching. Here, the flu-
orophore is illuminated for a certain period of time and photophysical bleaching is
taking place without any permanent change in the molecular structure [222]. Respon-
sible for the reduction of luminescence emission intensity with illumination time are
various competing quenching mechanisms which can be divided into several processes:

1. Radiationless energy transfer (Förster resonance energy transfer (FRET) and
Dexter electron exchange energy transfer)

2. Radiative energy transfer (self-quenching)
3. Static quenching (complex formation)
4. Dynamic quenching (collisional quenching)
5. Excimer or exciplex formation
6. The heavy atom effect

Since the photophysical process is reversible, the luminescence intensity recovers and re-
turns to its initial value after a period of time without illuminating the sample [323,324].

Photochemical Bleaching

Hereinafter, it is focused on the second mechanism of irreversible or photochemical
bleaching. Photochemical bleaching is a process in which the examined luminescent
molecule irreversibly loses its ability to emit luminescence due to exposure to excita-
tion light; Figure 8.2.
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Figure 8.2: Schematic representation of the photochemical bleaching process using the exam-
ple of luminescent impurities in a crystal lattice.

The molecule undergoes light-induced chemical destruction over several absorption-
and emission-cycles and becomes a photobleached molecule [321, 325]. Eggeling et
al. [326] estimated a mean number of excitation and emission cycles of Coumarin and
Rhodamine dyes in water in the order of magnitude of 102 − 106 before being photo-
bleached. This depends on the molecule itself, the surrounding environment and the
intensity of excitation light [325]. It should be noted, that the exact mechanisms of
photochemical bleaching, especially in complex systems, are still poorly understood and
a matter of debate [325]. However, many photoinduced chemical reactions are based on
the photophysical process of intra- and intermolecular electron transfer [222], whereby
the excited molecule M* can act as electron donor or acceptor depending on the nature
of the other molecular partner N in ground state.

M∗ +N →M•+ +N•− or M∗ +N →M•− +N•+

This is also called redox reaction, where the donor loses an electron (oxidation) and the
acceptor gains an electron (reduction). If the molecules return to their initial states
M and N, electron transfer can be considered as a reversible quenching process. In
many cases molecular oxygen in triplet ground state and/or in excited singlet state
seems to play a significant role in the photobleaching process [325]. The interaction of
a luminescent molecule in the excited singlet state with the paramagnetic oxygen in
triplet ground state enhances the transition probability of the fluorophore to the long-
lived triplet state (intersystem crossing). Additionally, molecular oxygen in excited
singlet state (ROS: reactive oxygen species) is formed which can either react with
the same fluorophore or another luminescent molecule to produce permanent changes
in the molecular structure and, thus, a non-luminescent photoproduct (fluorophore
radical). Another deactivation pathway of the molecule in triplet state is the non-
radiative transition to the ground state [220,222,325].

On the other hand, molecular oxygen does not only enhance photobleaching but can
also have a reducing effect on the photobleaching rate [327]. Which of these two effects
occur, depends on the type of the examined luminescent molecule [321,326,328–331] as
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well as on the oxygen content of the surrounding atmosphere [332] and the excitation
intensity [327].

Other chemical reactions are rearrangement reactions and proton transfer reactions
which depopulate the excited state (non-radiative) and, thus, are competing processes
of luminescence emission [333].

8.2 Experimental setup

The bleaching measurements were performed with the Raman microscope setup which
is depicted in Figure 8.3. A detailed description is already given in Section 7.2

Figure 8.3: Schematic representation of the Raman setup. Own representation based on [295].
Components of the Raman microscope: 1. single-mode optical fiber, 2. beam splitter, 3.
dichroic mirror, 4. objective, 5. scan table, 6. ocular camera, 7. filter slider, 8. sliding prism,
9. multi-mode optical fiber.

8.2.1 Measurement parameters and procedure

The photobleaching effect of seven samples in total (Xanthoria elegans, Buellia frigida,
green alga of Circinaria gyrosa, Agar, S-MRS, P-MRS and LRS) under three differ-
ent atmospheric conditions and room temperature was examined. The atmospheres
were chosen according to their extraterrestrial occurrence. Thus, for instance, a CO2
dominant atmosphere (almost 100 %) represents the Martian atmosphere, whereas vac-
uum is common on asteroids and to some extend on the Earth’s Moon or icy moons
such as Europa which have a very thin atmosphere. The third measurement series
was performed under terrestrial atmospheric conditions, whereby the composition is
dominated by molecular nitrogen (∼ 78 %) and oxygen (∼ 21 %). The main goal of
the investigation of various atmospheres was to analyse the influence of atmospheric
oxygen on the bleaching effect. For this purpose and before starting the measurements,
the samples had to be placed into a cryostat which replaced the small scan table under
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the microscope. The Eplan 10x/0.25 objective was used because of the required long
working distance. This results in a laser spot size of approximately 2.6µm on the sam-
ple surfaces. The time dependence of the photobleaching process of each specimen was
investigated by exposure for 1 min and 15 min to continuous laser light (532 nm) which
served as bleaching light source and simultaneously as excitation source for Raman
spectroscopy. The individual Raman spectra including luminescence light were mea-
sured point by point. The number of measurement positions and further adjustable
parameters for data acquisition of each specimen are listed in Table 8.1.

Accu- Laser # Mea-Sample Atmosphere Tint[s] mulations Power [mW] surements
Ambient Air 24

CO2 10Xanthoria elegans
Vacuum

0.1 9000 3
10

Ambient Air 15
CO2 10Buellia frigida

Vacuum
1 900 3

10
Ambient Air 11

CO2 10Green alga of
Circinaria gyrosa Vacuum

1 900 0.1
10

Ambient Air 10
CO2 10Agar

Vacuum
1 900 8

10
Ambient Air 15S-MRS CO2

1 900 8 10
Ambient Air 15P-MRS CO2

1 900 8 10
Ambient Air 15LRS Vacuum 1 900 8 10

Table 8.1: Parameters chosen for measurements of the photobleaching processes. Tint is the
integration time and specifies the time required to record a single Raman spectrum.

In the first place the laser power for the bleaching process had to be varied according
to the studied sample in order to prevent destructive effects. However, to guarantee
a suppression of luminescence as fast as possible, the highest non-destructive laser
intensity was chosen. In addition to this parameter, the integration time was selected
such that the saturation of the detector was prevented.

8.3 Data analysis

8.3.1 Preparatory steps for photobleaching measurements

It should be noted that the examined samples were with a different nature. For in-
stance, they had different biological and mineralogical compositions, different surface
structures, different colours and, thus, different absorption capacities. Consequently,
before starting the measurements the parameters as, e.g. Tint and laser power, were
determined in such a way (Table 8.1) that a visible material damage and the saturation
of the detector were prevented. Damage could be discovered optically in the view mode
of the microscope (Figure 8.4, left and middle), where the sample was illuminated with
white light as well as in the measurement mode during data acquisition by detecting
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the Raman signal of amorphous carbon (for biological samples). This Raman signal is
characterized by two broad bands at approximately 1361 cm−1 and 1560 cm−1 (D- and
G-band) [307]; see Figure 8.4, right. The deterioration of Raman line intensities and/or
the change of shape and eventually the position of the maximum of the luminescence
(if existing) are prior steps. The occurrence of amorphous carbon seems to be solely
the final result when laser powers are too high.

Figure 8.4: Left: Microscopic image of the green alga of Circinaria gyrosa after performing
Raman measurements with different excitation powers. A laser power of at least 5 mW caused
an alteration of the sample which could be discovered optically (dark spot) in the microscopic
image. Right: The corresponding Raman spectrum of the damaged sample shows the signal of
amorphous carbon.

8.3.2 Procedure of data analysis

The time-dependent behaviour of the photobleaching process was examined for an
irradiation of 15 min by recording a time series of Raman spectra. The integration
time of each time series was 1 s and the number of acquisitions was 900. Only in the
case of Xanthoria elegans the integration time was 0.1 s and the number of recorded
Raman spectra was 9000 in order to avoid saturation.

The data analysis proceeds in four steps. In Subsection 8.3.3 and 8.3.4 the photobleach-
ing process of two samples, namely the green alga of Circinaria gyrosa and the sulfatic
Mars regolith simulant (S-MRS pellet), is analysed in detail. The main goal was to
evaluate the potential of the photobleaching method in Raman spectroscopy to reduce
the disturbing broadband luminescence background and, thus, i) resolve potentially
present Raman lines which were totally obscured by this background or ii) improve
the already existing Raman signals on top of the luminescence. This was done by the
determination and comparison of the SNR of the individual Raman lines of the first (t
= 1 s) and the last (t = 900 s) recorded Raman spectrum. Therefore, the background
signal of each Raman spectrum was approximated by a polynomial fit which was gen-
erated by means of the algorithm described by Zhao et al. [334]. The procedure of this
iterative method is schematically illustrated in Figure 8.5.
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Figure 8.5: Schematic representation of the procedure of approximating the luminescence
background signal in a Raman spectrum. The algorithm by Zhao [334] eliminates the Raman
peaks in the first iteration (left). In further iterations the Raman spectrum is compared to the
sum of a polynomial fit and the standard deviation of the residual (middle) until no signifi-
cant improvements are obtained. Therefore, the determination of the polynomial fit and the
standard deviation takes place in each iteration, whereby the Raman spectrum changes with
the respective previous iteration. The final polynomial fit is subtracted from the raw Raman
spectrum to obtain a luminescence-free Raman spectrum and to determine the SNR.

In the first step (first iteration) the Raman peaks were removed from the raw Raman
spectrum. In further iterations the background caused by luminescence was approxi-
mated by a polynomial fitting. In this thesis a 12th degree polynomial was used. The
noise was taken into account by calculating the standard deviation σ of the residual,
which in turn was determined by subtracting the polynomial fitting from the raw Ra-
man spectrum. The best possible approximation of the luminescence background was
achieved by comparing the Raman spectrum to the sum of the fit function and the
standard deviation. All values of the spectrum that were

1. greater than this sum were replaced by the values of the sum and, thus, form the
"new Raman spectrum"

2. smaller than the sum remained unchanged

for the next iteration.

The algorithm terminated when no further significant improvements regarding the ap-
proximation of the background signal were obtained. The termination condition used in
this thesis was |(σi − σi−1)/σi| < 0.005. As a result, the final fit is subtracted from the
raw Raman spectrum which allows for the determination of the SNRs of the individual
Raman lines. The SNR, which depends on the irradiation time, is an important indi-
cator whether or not this photobleaching technique is able to reduce the luminescence
background to the extent that a realistic space-application of this method is conceivable.
Afterwards, individual features of the remaining samples are discussed in Subsection
8.3.5 and conclusively the results of all samples are summarized in Subsection 8.3.6.

Note that although several measurements were performed under different atmospheric
conditions, a statistical analysis could only be conducted to a limited extent due to a
relatively low number of measurements. More measurements would have required much
more time which could not be realized within the framework of this thesis. For this
reason, this chapter does not provide a representative significance analysis. Instead, the
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results mirror certain tendencies of the photobleaching process in different atmospheric
conditions.

8.3.3 Photobleaching measurements of the green alga of Circinaria
gyrosa

Two typical time series of the Raman spectra of the green alga of Circinaria gyrosa
are illustrated in Figure 8.6. Three strong Raman lines are already resolved before
starting the photobleaching measurements (time of irradiation = 1 s). These are char-
acteristic for the carotenoid pigments within the green alga of Circinaria gyrosa and
the result of the excitation wavelength at 532 nm which caused an enhancement of the
observed Raman lines intensities due to the resonance Raman effect (RR) [204, 205].
The RR is discussed in detail in Section 7.3.2.3. The bands appearing at approximately
1006 cm−1, 1157 cm−1 and 1522 cm−1 can be attributed to the CH3 in-plane rocking
mode, C-C stretching mode and C=C stretching mode, respectively [204].

Figure 8.6: Three time series of the Raman spectra of the green alga of Circinaria gyrosa.
The Raman plots represent typical measurements performed under ambient air, CO2 dominant
atmosphere as well as vacuum.

Time-dependent luminescence intensity of the entire spectral range [131 cm−1, 3662 cm−1]

First, subject of interest is whether or not the luminescence intensity actually decreases
with progressing time of irradiation. For this purpose, the background subtraction al-
gorithm described by Zhao et al. [334] was used to approximate the luminescence back-
ground in the spectral range of 131 cm−1 − 3662 cm−1. This was done for every Raman
spectrum in the individual time series (900 spectra per time series) performed at dif-
ferent measurement positions on the sample and under the three different atmospheric
conditions. Subsequently, the intensity values of the background signal (CCD counts)
were summed. The resulting values are illustrated in Figure 8.7, which shows the time-
dependent normalized curves of luminescence intensities of the different measurement
positions on the sample. Applying a moving average smoothes out data fluctuations
(small outliers) and, thus, provides a better overview of the data. The red line rep-
resents the average of the summed intensities with corresponding confidence intervals
(95 %) illustrated as coloured background.
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Figure 8.7: Time-dependent normalized luminescence intensities of different measurement
positions on the sample. Measurements were performed in ambient air (left), CO2 dominant
atmosphere (middle) and vacuum (right). The red line represents the average of the summed
intensities with corresponding confidence intervals (95 %) illustrated as coloured background.

It should be noted that the three averaged time-dependent curves of the luminescence
intensities are rather similar. Initially, the luminescence intensity decreases with time
of irradiation until a certain minimum is reached, which corresponds to the ideal av-
eraged bleaching time for luminescence suppression. It depends on the atmospheric
composition, when the minimum is reached; see Table 8.2.

Spectral range of 131 cm−1 − 3662 cm−1 ambient air CO2 vacuum
i) minimum of Iav

lum at tmin 124 s 183 s 261 s
ii) decrease of Iav

lum at tambient air, CO2, vacuum
min by: 4.3 % 6.4 % 10.2 %

iii) decrease of Iav
lum at tmin = tambient air

min = 124 s by: 4.3 % 5.9 % 8.9 %
iv) Iav

lum reaches an intensity value of 1 at: 459 s 615 s > 900 s

Table 8.2: i) Time (tmin) at which the minimum of averaged luminescence intensity (Iav
lum) is

reached. ii) The amount (in percent) by which the averaged luminescence intensity is decreased
at tmin. iii) The amount (in percent) by which the averaged luminescence intensity is decreased
at tmin = 124 s. iv) Time at which the averaged luminescence intensity reached the normalized
intensity value of 1 (initial value). All values were determined for each of the three examined
atmospheres (ambient air, CO2 dominant atmosphere and vaccum).

After 124 s the luminescence intensity reaches its minimum value and is reduced by 4.3 %
of the initial value in ambient air. In contrast, after the same time of irradiation in CO2
dominant air and vacuum the luminescence decreases by 5.9 % and 8.9 %, respectively.
The minimum luminescence intensities are only reached after 183 s (CO2) and 261 s
(vacuum). This reduction of the background luminescence level can be approximated
with a single (ambient air) and a double (CO2 dominant air and vacuum) exponential
fit; see Figure 8.8.

It is obvious that in the case of the green alga of Circinaria gyrosa an increased oxygen
content of the atmosphere has a reducing effect on the photobleaching rate, which is
highest in vacuum. Thus, it seems likely that oxygen is not the main reason for pho-
tobleaching but rather the occurrence of other bleaching processes being independent
of molecular oxygen [321]. The reduction is followed by an increase of luminescence
intensity, whereby in the case of ambient atmosphere and CO2 dominant atmosphere
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the initial value is even exceeded after 459 s and 615 s, respectively.

Figure 8.8: The kinetics of photobleaching can be described by a single and a double expo-
nential fit. The corresponding residuals are illustrated below. Measurements were performed
in ambient air (left), CO2 dominant atmosphere (middle) and vacuum (right).

Because photophysical and photochemical processes proceed simultaneously and can
be highly complex in such systems, an exact identification of the individual mecha-
nisms responsible for the decrease and subsequent increase of luminescence intensity is
challenging and requires detailed investigations. However, in this study the examined
sample was in solid and dry state. Hence, the recovery effect due to diffusion processes
is probably a rather minor effect in this sample and can be largely excluded as an ex-
planation of this increase of luminescence intensity. Diffusion of luminescent molecules
and, thus, restoring the luminescence in the bleached spot can be observed especially
well in solutions (FRAP: luminescence recovery after bleaching experiments).

The photobleaching measurements and the increase of luminescence intensity were ob-
served during continuous excitation of a sample capable of photosynthesis via an elec-
tron transport chain through photosystem II. Complex photosynthetic reactions can
lead to reversible changes of the emission abilities of involved constituents such as
xanthophylles (lutein, zeaxanthin), carotines (β-carotene, lycopene) and chlorophyll a
and b resulting in changes of the spectral behaviour of the luminescence intensity with
time [335]. It is assumed that this process is, among others, responsible for the lumines-
cence increase in this study. On the other hand, irreversible photochemical bleaching
of the luminescence emitting molecule in this spectral range could be another process
leading to an increase of luminescence. Actually, the recorded signal shows a change
in shape of the luminescence background. This could indicate a morphological defor-
mation of the luminescent molecules and, thus, a change of their emission abilities.
Non-luminescent photoproducts did not seem to have formed to a large extent, since
the averaged luminescence intensity increased at least until the end of the irradiation
time (900 s). Minor fluctuations in the laser excitation power can be excluded to be
responsible for significant increases and decreases of luminescence intensity.

Another point concerns the absolute values of the initial intensities. These differ by
up to a factor of 3 which indicates an inhomogeneous distribution of the luminescent

114



8.3. DATA ANALYSIS

molecules. This is not surprising since natural samples were investigated.

Time-dependent luminescence intensity of the region of interest [820 cm−1 − 1660 cm−1]

The question that arises after investigating the dependence of luminescence intensity
of the entire spectral range [131 cm−1, 3662 cm−1] on irradiation time is: Is there
a significant difference to the time-dependent luminescence behaviour with respect to
the region of interest, or more precisely the spectral range where Raman lines occur
[820 cm−1, 1660 cm−1]?

To answer this question, the intensity value in the Raman Shift region [820 cm−1,
1660 cm−1] was determined. Therefore, the intensity values of the background signal
were summed. In this case, the three averaged time-dependent curves of the lumines-
cence intensities (Figure 14.1 in the appendix) are similar to those illustrated in Figure
8.7. The differences lie in i) the ideal averaged bleaching time, ii) the percentage de-
crease of luminescence intensity and iii) the time when the initial value is exceeded; see
Table 8.3.

Spectral range of 820 cm−1 − 1660 cm−1 ambient air CO2 vacuum
i) minimum of Iav

lum at tmin 68 s 79 s 134 s
ii) decrease of Iav

lum at tambient air, CO2, vacuum
min by: 3.1 % 3.5 % 6.5 %

iii) decrease of Iav
lum at tmin = tambient air

min = 68 s by: 3.1 % 3.3 % 5.7 %
iv) Isu

lum reaches an intensity value of 1 at: 230 s 297 s 421 s

Table 8.3: The summed intensity value Iav
lum in the Raman Shift region [820 cm−1, 1660 cm−1]

is considered. i) Time (tmin) at which the minimum of averaged luminescence intensity is
reached. ii) The amount (in percent) by which the averaged luminescence intensity is decreased
at tmin. iii) The amount (in percent) by which the averaged luminescence intensity is decreased
at tmin = 68 s. iv) Time at which the averaged luminescence intensity reached the normalized
intensity value of 1 (initial value). All values were determined for each of the three examined
atmospheres (ambient air, CO2 dominant atmosphere and vaccum).

All values of the ideal averaged bleaching time are clearly smaller than those obtained
for the entire spectral range (Table 8.2). However, the results show the same tendency
concerning the photobleaching rate which is lowest in ambient air and highest in vac-
uum.

Luminescence recovery effect

Although an exact identification of the individual processes leading to luminescence
suppression in a complex system such as the green alga of Circinaria gyrosa is not pos-
sible, there is at least the possibility to demonstrate that reversible quenching mech-
anisms proceed after continuous excitation; see Figure 8.9. For this purpose, a time
series of Raman spectra was recorded for 15 min, followed by a 10 s pause of irradia-
tion. Afterwards, another time series was recorded for 200 s, followed by a 60 s pause
of irradiation, and finally a time series was recorded for 200 s, followed by a 600 s pause
of irradiation and another time series for 200 s.
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Figure 8.9: Luminescence recovery (partly) after reversible photobleaching using the example
of one additional measurement position on the sample. The blue background represents the
time of irradiation, whereas the white background represents the time without irradiation.

After a 10 s and 60 s pause of irradiation a small extent of the luminescence intensity
is recovered. This is reflected by an increased initial value of luminescence intensity
compared to the last value of the previous time series. However, the recovery of lu-
minescence is only significant after a longer pause of irradiation (600 s). As already
mentioned above, a further process which can contribute to restore a minor amount of
luminescence intensity is the diffusion of luminescent molecules into the measurement
position (bleached spot). Note that in the case of the dry sample of the green alga of
Circinaria gyrosa this process should only barely influence the recovery effect.

Time-dependent intensities of Raman lines (960 cm−1, 1004 cm−1, 1156 cm−1, 1186 cm−1,
1521 cm−1)

After the determination of the ideal bleaching time for luminescence suppression (Ta-
ble 8.2), it is obviously interesting to see if and to what extent the intensities of the
Raman lines change with time. For this purpose, the five characteristic Raman lines
of carotenoids at 960 cm−1, 1004 cm−1, 1156 cm−1, 1186 cm−1 and 1521 cm−1 are con-
sidered (see assignments in Section 7.3.2.3). The time-dependent behaviour of the
normalized line intensities at different measurement positions on the sample and under
the three different atmospheric conditions is illustrated in Figure 8.10. Showing solely
the approximation of the raw data by means of the individual curve fits provides a
better overview of the data. The red line represents the average of the peak intensities
with corresponding confidence intervals (95 %) illustrated as coloured background.
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Figure 8.10: The time-dependent behaviour of the five normalized Raman line intensities at
different measurement positions on the sample and under three different atmospheric conditions
(ambient air − blue, CO2 dominant atmosphere − green and vacuum − orange). Data were
normalized to the Raman line intensity at time t = 1 s. Note that the initial value of the
normalized intensities (t = 1 s) of some curves differ from 1 because of the scattering of the raw
data.
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The time-dependent averages of the line intensities (red lines) follow a mono or double
exponential decay. This behaviour is due to the laser induced modification of the struc-
ture of the carotenoid molecules (irreversible photodamage) which already occurred by
using a low incident laser power of 0.1 mW. The process of photodamage started im-
mediately when the incident laser light reached the sample. As a consequence, the
concentration of the initially Raman-active carotenoid molecules decreased and, since
the Raman intensity depends linearly on the number of Raman-active molecules (see
Section 4.3.2.1), line intensities deteriorate. This also implies that the previously de-
termined averaged optimal time of exposure is only valid for luminescence suppression
and not for Raman lines intensities. In order to examine this relationship between time
of exposure and efficiency of photodamage, the averaged percentage reduction of the
five Raman lines intensities was calculated after 1 min and 15 min of irradiation; see
Table 8.4.

Table 8.4: Averaged percentage reduction of the five Raman lines intensities after 1 min
(left) and 15 min (right) of irradiation. Red coloured cells correspond to the most pronounced
photoinduced reduction of Raman line intensities and green to the least.

The percentage reduction of the Raman lines intensities after 1 min of irradiation shows
that the photoinduced damage of the carotenoid molecules is most pronounced for mea-
surements under ambient air. This is followed by the Raman spectra performed in CO2
dominant atmosphere and in vacuum. After 15 min of irradiation the order slightly
changes. Here, the carotenoid molecules were most damaged in CO2 dominant atmo-
sphere, followed by the measurements recorded in ambient air. Again, the irradiated
molecules in vacuum survived longest on average.

Luminescence intensity versus noise

Since the Raman line intensity solely is not sufficient to determine whether or not
the Raman signal can be detected, more precisely whether or not the noise is smaller
than the line intensity, the noise near the Raman line has to be considered. It is com-
monly known that with increasing luminescence background, the shot noise increases
as well (see Section 6.1). In order to examine this relationship, the luminescence back-
ground intensity is plotted versus the noise; see Figure 8.11. The corresponding values
at the beginning, after 1 min and after 15 min of irradiation of every time series of
Raman spectra recorded in three different atmospheres are considered. Besides, there
is a wide variety of luminescence background intensity over the whole spectral range.
Since the noise scales with these different luminescence levels, the spectral range of
determining luminescence intensity and noise level were the same (near the Raman
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lines between 1700 cm−1 and 2000 cm−1). In this case the luminescence intensity was
not defined as the sum of all background counts but the average value in the spectral
interval [1700 cm−1 and 2000 cm−1]. The noise was determined by subtracting a 12th
degree polynomial from the background signal, whereby the standard deviation defined
the noise level.

Figure 8.11: Dependence of noise on luminescence intensity at the beginning, after 1 min and
after 15 min of irradiation of every time series of Raman spectra recorded in three different
atmospheres.

The relationship of noise and luminescence intensity can be approximated by a linear
function (red dashed line). Considering the absolute value of luminescence in the Ra-
man spectra and its decrease with time of irradiation due to photobleaching processes,
it is obvious that luminescence emission is not very dominant in the region of interest
and, thus, photobleaching is not very effective. This is due to the fact that the applied
laser power of 0.1 mW was that low, which on the other hand, was already high enough
to cause a significant decrease of Raman line intensity over time. In this case Raman
spectroscopy can no longer be considered as a non-destructive technique. This also
indicates that a compromise must be found between the excitation power dependent
luminescence emission, photobleaching efficiency and damage effects on the Raman-
active molecules.

Signal-to-noise ratio

Finally, it is essential to determine the SNR of the different Raman lines to evalu-
ate the potential of this photobleaching technique to reduce luminescence interference.
This examination is based on the time-dependent behaviour of the normalized SNR
shown in Figure 8.12. The SNR was calculated by means of the previously determined
values of Raman lines intensities and noises.
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Figure 8.12: The time-dependent behaviour of the normalized SNR of all five Raman lines in
the Raman spectra at different measurement positions on the sample and under three different
atmospheric conditions (ambient air − blue, CO2 dominant atmosphere − green and vacuum
− orange). Data were normalized to the SNR at time t = 1 s. Note that the initial value of
the normalized SNRs (t = 1 s) of some curves differ from 1 because of the scattering of the raw
data.
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The red line represents the average of the SNR with corresponding confidence intervals
(95 %) illustrated as coloured background. The raw data are again approximated by
different fit functions which provide a better overview of the data and are shown as
coloured lines in Figure 8.12. Considering the individual time-dependent SNRs, which
are actually very different, it is interesting to note that most of them can not be
approximated by an exponential decay. This also applies to the average. Besides, it is
obvious that in the case of the green alga of Circinaria gyrosa the Raman measurement
should be performed within short acquisition times, because as soon as the sample was
irradiated, the Raman-active molecules were irreversible altered which became worse
with increasing time of irradiation. A detailed analysis is given in Table 8.5.

Table 8.5: Averaged percentage reduction of the SNR of the five Raman lines after 1 min
(left) and 15 min (right) of irradiation. Red coloured cells correspond to the most pronounced
photoinduced reduction of the SNR and green to the least.

The averaged percentage reduction of the SNR of all five Raman lines after 1 min of
irradiation is lowest in the Raman measurements performed in vacuum and highest
in ambient air. After 15 min of irradiation this order slightly changes, indicating that
the SNR of the Raman measurements performed in vacuum is higher than in CO2
dominant atmosphere. This implies that the sample can be irradiated for a longer time
in vacuum than in atmospheric surroundings resulting in the same reduction of SNR.

The absolute values of the SNRs of the five Raman lines of the individual measurement
positions on the sample before bleaching are plotted versus the SNRs after bleaching
(1 min and 15 min); see Figure 8.13. The values were extracted from the different fit
curves (see Figure 8.12), whereby the error bars represent the standard deviation of
the fit curves.

Although the Raman measurements were performed with a very low laser power of
0.1 mW, the SNR is in general quite high. This is due to the resonance effect which
enhances the Raman line intensities. Nevertheless, neither after 1 min nor after 15 min
of irradiation time, significant improvements of the SNR could be achieved. Hence,
although the bleaching effect seems to be unavoidable, it does not result in any ad-
vantages regarding the SNR improvements. On the contrary, there is a rather clear
deterioration visible, which indicates that this technique can no longer be considered
as non-destructive. Therefore, it is recommended that the Raman measurements should
be performed using a short integration time and a low laser power regardless of the
surrounding atmosphere (or vacuum).
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Figure 8.13: Absolute values of the SNRs of the five examined Raman lines at approximately
960 cm−1, 1004 cm−1, 1156 cm−1, 1186 cm−1 and 1521 cm−1 before and after photobleaching in
ambient air, CO2 dominant atmosphere and vacuum. An improvement of the SNR is repre-
sented by the green coloured background. Deteriorations are represented by the red coloured
background.
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8.3.4 Photobleaching measurements of the S-MRS pellet

Out of the three different mineralogical mixtures – two Mars regolith simulants (S-MRS
and P-MRS) and one Moon regolith simulant (LRS) – the photobleaching effects of the
sulfatic Mars analogue (S-MRS) are analysed in detail in the following sections. For
this purpose, to begin with, two typical time series of the Raman spectra are illustrated
in Figure 8.14.

Figure 8.14: Two time series of the Raman spectra of the S-MRS pellet. Both Raman plots
represent typical measurements performed under ambient air, CO2 dominant atmosphere as
well as vacuum.

It should merely be noted, that, although in both cases the same characteristic Raman
lines of gypsum are already resolved before starting the photobleaching measurements,
the luminescence clearly differs in shape as well as in the spectral position of the
maximum and in intensity. Furthermore, the permanent irradiation of the sample
led, in one case, to luminescence reduction (Figure 8.14, left) and in another case to
luminescence reduction followed by an increase of luminescence (Figure 8.14, right).
The different shape as well as the different time-dependent behaviour of luminescence
indicates that various luminescence centers in the crystal lattice were responsible for
this.

In the following sections the time-dependent behaviour of luminescence intensities,
Raman line intensities, noises and SNRs are analysed in detail. The SNR will pro-
vide information whether the intensity of existing Raman lines of various minerals is
significantly improved or additional Raman lines become resolved after photobleaching.

Time-dependent luminescence intensity of the entire spectral range [131 cm−1-3662 cm−1]

As described in the previous section, the time-dependent behaviour of the luminescence
intensity is investigated by using the background subtraction algorithm described by
Zhao et al. [334]. This includes a 12th degree polynomial to approximate the lumines-
cent background in the spectral range of 131 cm−1 − 3662 cm−1. This was done for every
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Raman spectrum in the individual time series (900 spectra per time series) performed
at different measurement positions on the sample and under two different atmospheric
conditions. Since this sample represents the composition of the Mars’ regolith, it is rea-
sonable to investigate the photobleaching process in CO2 dominant atmosphere. Then,
these measurements are compared to those photobleaching measurements performed in
ambient air. Investigations in vacuum were excluded, because of practical reasons. The
luminescence intensity was determined by summing the background signal (counts) of
every Raman spectrum of the time series. Figure 8.15 shows the time-dependent nor-
malized curves of luminescence intensities of the different measurement positions on
the sample. Applying a moving average smoothes out data fluctuations (small outliers)
and, thus, provides a better overview of the data. The red line represents the average
of the summed intensities with corresponding confidence intervals (95 %) illustrated as
coloured background.

Figure 8.15: Time-dependent normalized luminescence intensities of different measurement
positions on the sample. Measurements were performed in ambient air (left) and CO2 dominant
atmosphere (right).

In almost all cases the luminescence intensity decreases after 1 min and after 15 min of
irradiation. There is only one exception in ambient air and in CO2 dominant atmo-
sphere. Nevertheless, the time-dependent behaviour of luminescence intensity of some
photobleaching measurements, especially in CO2 dominant atmosphere, is rather irreg-
ular. This could be the result of the applied photobleaching laser power of 8 mW which
possibly could have led to thermal degradation and, thus, a change of luminescence
emission abilities of the sample. This assumption is supported by the weak signal of
amorphous carbon in the Raman spectra of the cases concerned. However, in contrast
to the previously analysed photobleaching measurements of the biological sample (green
alga of Circinaria gyrosa), the luminescence intensity decreases on average during the
entire time of irradiation (900 s) approaching a minimum but not reaching it. Thus,
it seems that a longer bleaching time is more advantageous regarding luminescence
suppression in this mineralogical sample. Applying a relatively high laser power of
8 mW resulted in a reduction of luminescence intensity by 36.4 % in ambient air and by
38.9 % in CO2 dominant atmosphere on average after 1 min of irradiation. After 15 min
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the photobleaching kinetics seems to be slower in ambient air than in CO2 Mars-like
atmosphere, whereby the average luminescence intensity was reduced by 52.2 % and
61.6 %, respectively. It should be noted that one time series shows the strong signal of
amorphous carbon, which corresponds to the strong increase of luminescence intensity
with time; see Figure 8.15, right. This measurement was excluded for the determination
of the average value, because it is not representative for the original mineral mixture.
The reduction of the luminescence intensity can be approximated with a third order
exponential fit; see Figure 8.16.

Figure 8.16: The kinetics of photobleaching can be described by a third order exponential fit.
The corresponding residuals are illustrated below. Measurements were performed in ambient
air (left) and CO2 dominant atmosphere (right).

Depending on the measurement position on the S-MRS pellet, the absolute values of
the initial luminescence intensities differ by up to a factor of 16 which indicates an
inhomogeneous distribution of the luminescent impurities in the crystal lattice. This
is not surprising, since the mineral mixture was composed of natural minerals and
rocks which also implies, that various luminescent organic molecules could be included.
However, the fact that no changes in the shape of the luminescence background signal
was recorded over time indicates that those luminescent organic molecules existed ei-
ther in a small number and/or were very stable in terms of the applied high laser power.

Luminescence recovery effect

As already demonstrated using the example of the green alga of Circinaria gyrosa the
reversible and irreversible photobleaching processes proceed simultaneously. Hence, it
is interesting to know whether or not the same applies to a mineralogical sample after
continuous laser irradiation; see Figure 8.17. For this purpose, three time series of
Raman spectra were recorded at three different measurement positions on the sample
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for 15 min, followed by a 10 s pause of irradiation. Afterwards another time series was
recorded for 200 s, followed by a 60 s pause of irradiation, and finally a time series was
recorded for 200 s, followed by a 600 s pause of irradiation and another time series for
200 s.

Figure 8.17: Luminescence recovery (partly) after reversible photobleaching using the ex-
ample of three different measurement positions (blue, red and green) on the sample (left).
Corresponding luminescence background (middle) and background corrected Raman spectra
(right). The blue background represents the time of irradiation, whereas the white background
represents the time without irradiation.

After 10 s, 60 s and 600 s pause of irradiation a certain extent of luminescence intensity
is recovered depending on the measurement position on the sample. This becomes
apparent by an enhanced initial value of luminescence intensity compared to the last
value of the previous time series. The recovery of luminescence depends on the duration
of the interruption of laser irradiation or the measurement position on the sample and,
hence, the examined mineral(s) as well as the luminescence causative luminescence
centers in the host crystal lattice(s). The corresponding shapes of the luminescence
background signals in the Raman spectra are illustrated in Figure 8.17 (middle). The
background corrected Raman spectra are shown on the right side. The Raman spectra
indicate that several different minerals were recorded at the three different measurement
positions: 1) The green Raman spectrum shows very weak lines of hematite; 2) The
red Raman spectrum contains Raman lines which can be assigned to anhydrite and
hematite; 3) The blue Raman spectrum contains the characteristic Raman lines of
gypsum and hematite.

The different minerals and shapes of luminescence intensity support the assumption
that a wide diversity of luminescence centers contributed to the broad luminescence
background signal in the Raman spectra of this complex sample. Accordingly, it is
likely that the different luminescence centers were (irr)reversible photobleached to a
varying extent and that the extent of luminescence recovery was also influenced by
these different luminescence centers. It should be noted that the different pauses of
irradiation are not sufficient to define whether or not reversible photobleaching was the
only process of luminescence suppression taking place. For example, the blue curve of
time-dependent luminescence intensity rather seems to represent an irreversible process
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because of the small extent of luminescence recovery. Far longer interruptions of irradi-
ation of the sample would be necessary to analyse the maximum extent of luminescence
recovery and whether or not reversible photobleaching occurred in the first place. In
contrast, it is quite obvious that in both other cases − the red and green curve, which is
rather irregular − luminescence suppression was also due to reversible photobleaching.
However, it can be advanced already that also irreversible photobleaching took place
at several measurement positions on the sample (see next paragraph).

Time-dependent intensities of Raman lines

Since the luminescence intensity decreases on an average with time of irradiation, it is
interesting to investigate how stable the mineralogical Raman lines are regarding their
intensities and whether or not they might even increase during time of irradiation. Due
to the fact that the sample to be investigated consisted of various minerals and those
minerals have numerous different weak and strong Raman lines, only a specific selec-
tion of Raman lines were analysed. In the case of gypsum, quartz and the iron bearing
mineral the symmetric stretching vibration of the SO2−

4 at approximately 1008 cm−1,
the Si-O-Si bending mode at 464 cm−1 [336] and the broad band of ilmenite at approx-
imately 670 cm−1 were used, respectively. The characteristic double peak of olivine
at ∼ 822 cm−1 and ∼ 853 cm−1 arises from coupled symmetric and asymmetric Si-O
stretching vibrations of the SiO4 tetrahedra [337]. The Raman spectrum of hematite
is also characterized by many Raman lines, whereby the three strongest Raman signals
− two in the low Raman Shift region at ∼ 218 cm−1 and ∼ 290 cm−1 and one at higher
relative wavenumbers at ∼ 1 300 cm−1 − were analysed. Especially, the assignments of
the vibrational modes in the low Raman Shift region are analysed in various studies.
A summary is given in [338]. The Raman spectra of these minerals are presented in
Chapter 3.

The time-dependent behaviour of these normalized Raman lines intensities at different
measurement positions on the sample and under two different atmospheric conditions
is illustrated in Figure 8.18.

Figure 8.18: Dependence of Raman lines intensities on irradiation time. Left: ambient air.
Right: CO2 dominant atmosphere. Data were normalized to the Raman line intensity at time
t = 1 s.
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Showing solely the approximation of the raw data by means of the individual curve
fits provides a better overview of the data. The red line represents the average of the
line intensities with corresponding confidence intervals (95 %) illustrated as coloured
background.

In one case the laser influenced this sample in such a way, that irreversible damage was
induced represented by the Raman spectrum of amorphous carbon. The concerned time
series was not included into the calculation of the time-dependent average of the line
intensity (red line). However, the measurements performed in both atmospheres show
a wide diversity of time-dependent behaviours of line intensities especially regarding
their percentage decrease as well as increase. This results in a negligible enhancement
of the average Raman line intensity by 1.0 % after 1 min and 3.6 % after 15 min of
irradiation time for the considered Raman lines measured in Mars-like atmosphere.
Ambient air seems to have the opposite effect. Here the average line intensity decreases
by 8.4 % after 1 min and by 12.1 % after 15 min of exposure time. In fact, because
of the many different minerals, it is a rather complicated and complex question to be
answered whether or not this is an effect caused by the different composition of the
surrounding atmosphere or by the type of mineral in itself and the surrounding matrix.
Detailed analyses would be necessary to prove whether or not these reasons are possible
explanations.

In order to examine the relationship between time of exposure and impacts of pho-
toinduced changes, the percentage change of the specific Raman line intensities was
calculated after 1 min and 15 min of irradiation; see Table 8.6. Since gypsum and
hematite belong to the most common constituents of this mixture, the most analysed
Raman lines can be assigned to these two minerals.

Some bands are more or less unaffected by the laser power and time of irradiation (such
as ilmenite, olivine and some gypsum and hematite Raman lines), whereby others sig-
nificantly increase or decrease in their intensities (such as quartz and some gypsum
and hematite Raman lines). While doing so, the Raman lines of one mineral type do
not necessarily show the same specific tendency. For instance, the line intensities of
hematite decrease as well as increase depending on the measurement position on the
sample but regardless of the composition of the surrounding atmosphere. Negative val-
ues represent the destructive character of continuous irradiation using a laser power of
8 mW. In these cases Raman spectroscopy can not be considered as a non-destructive
technique because of irreversible photodamage which leads to modification of the struc-
ture of the Raman-active molecules. As a consequence the concentration of the initially
Raman-active molecules decreases and, thus, line intensities deteriorate. Nevertheless,
there are also Raman lines of hematite whose intensities significantly increased during
prolonged exposure to laser irradiation due to luminescence reduction.
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Table 8.6: Percentage change of the Raman line intensities after 1 min and 15 min of irra-
diation. Line intensities from Raman measurements performed in ambient air (left) and CO2
dominant atmosphere (right). Red coloured cells (negative values) correspond to the most pro-
nounced photoinduced reduction of line intensities and green (positive values) to the increase
of line intensities.

In some cases, where Raman lines of gypsum were initially recorded, the continuous
laser irradiation caused a significant modification of the structure of gypsum molecules
resulting in a gypsum-anhydrite phase transition. As a consequence an additional
Raman line occurs in the spectra, that is characteristic for the solid phase of anhydrite,
see Figure 8.19.

Figure 8.19: Continuous laser irradiation causes a gypsum-anhydrite phase transition. A
Gaussian fit describes the Raman line of gypsum (red) and anhydrite (blue).
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The strongest line of both minerals can be assigned to the symmetric stretching mode
of SO4 tetrahedra, whereby the Raman line of anhydrite is at higher Raman Shifts
(blue) compared to this of gypsum (red) [339]. The time series of the Raman spectra
of gypsum at different sample positions show either a stable phase of gypsum where no
laser-induced structural changes occur or the gypsum-anhydrite phase transition result-
ing in a complete transition from gypsum to anhydrite or a transformation that only
partially proceeds, therefore, the two Raman lines of both minerals become resolved
at t = 900 s. Which of these three cases occurred was independent on the surrounding
atmosphere.

Luminescence intensity versus noise

Here, the noise is considered which is essential to determine whether or not a Ra-
man line is detectable. As already seen in Section 8.3.3, the noise was determined by
subtraction of a 12th degree polynomial, whereby the standard deviation defined the
noise level. This noise level increased with increasing luminescence background. In or-
der to examine this relationship, the noise was plotted as a function of the luminescence
background intensity; see Figure 8.20. The corresponding values at the beginning, after
1 min and after 15 min of irradiation of every time series of Raman spectra recorded
in two different atmospheres are considered. Depending on the present mineral(s) in
the laser spot area, there can be a wide variety of luminescence background intensities
and shapes. Since the shot noise scales with these different luminescence levels, the
spectral range to determine luminescence intensity and noise level was the same (near
the Raman lines). In this case, the luminescence intensity was defined as the average
value in different spectral intervals depending on the different minerals.

Figure 8.20: Dependence of noise on luminescence intensity at the beginning, after 1 min
and after 15 min of irradiation of every time series of Raman spectra recorded in two different
atmospheres.
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The relationship of noise and luminescence intensity can be approximated by a linear
function (red dashed line). Due to numerous different minerals and their possibly ex-
isting luminescence centers, it is obvious that there is a wide range of luminescence
emission and photobleaching efficiency. This is confirmed considering the absolute val-
ues of luminescence in the Raman spectra and their decrease with increasing irradiation
time due to photobleaching processes. The rather high laser power of 8 mW for pho-
tobleaching contributed to an intense background signal in some Raman spectra and
also led to alteration of the sample in some cases.

Signal-to-noise ratio

The determination of the SNR and especially of its time-dependent behaviour is essen-
tial to evaluate whether or not the photobleaching technique in Raman spectroscopy
is a (highly) promising approach for luminescence suppression and, therefore, a pos-
sibility to improve the identification of unknown samples. In order to examine this
in a mineralogical sample, the normalized SNR as a function of irradiation time was
determined and illustrated in Figure 8.21. For this purpose only a specific selection
of Raman lines used were measured at different measurement positions on the sample
in ambient air and Mars-like atmosphere. For calculation, the previously determined
values of Raman line intensities and noises were used.

Figure 8.21: The time-dependent behaviour of the normalized SNR of all examined Raman
lines in the Raman spectra at different measurement positions on the sample and under the two
different atmospheric conditions (ambient air − blue and CO2 dominant atmosphere − green).
Data were normalized to the SNR at time t = 1 s.

Although a comparison of the different SNRs is difficult because they correspond to to-
tally different minerals, the average of the SNR (red line) with corresponding confidence
intervals (95 %) illustrated as coloured background was determined. The coloured lines
represent the raw data which were again approximated by different fit functions to pro-
vide a better overview of the data. These individual behaviours of the SNR with time
are actually quite different considering their extent of decrease or increase compared
to the initial value of 1 (t = 1 s). However, in contrast to the biological sample – the
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green alga of Circinaria gyrosa – the average SNR of the S-MRS pellet seems to rise
with increasing time of irradiation which suggests that a longer time of irradiation may
provide even better results on average. The SNR increases by 16.5 % and 32.6 % after
1 min of irradiation and by 53.7 % and 95.4 % after 15 min of irradiation in ambient air
and Mars-like atmosphere, respectively. It is not surprising that the minerals seem to
be more stable regarding the excitation laser power and the related heating processes
which could lead to thermal degradation of the sample. Nevertheless, this only applies
to the average value. The individual coloured lines suggest that a detailed analysis of
the individual minerals and their Raman lines is necessary to decide whether or not a
prior irradiation makes sense; see Table 8.7.

Table 8.7: Averaged percentage change of the SNR of the Raman lines after 1 min and 15 min of
irradiation. SNR from Raman measurements performed in ambient air (left) and CO2 dominant
atmosphere (right). Red coloured cells (negative values) correspond to the most pronounced
photoinduced reduction of the SNR and green (positive values) to the increase of the SNR.

First, it is conspicuous that most measured Raman lines belong to the minerals of gyp-
sum at ∼ 1 008 cm−1 and hematite at ∼ 218 cm−1, ∼ 290 cm−1 and ∼ 1 300 cm−1. This
is not surprising because both were main constituents of the mineral mixture and the
measurement spots on the sample were chosen randomly; see Table 8.7. In most cases
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the SNR of hematite significantly improved (up to a maximum of 358 %) after photo-
bleaching processes took place which suggests that the irreversible modification of the
Raman-active molecules did not seem to be the dominant process. Only two Raman
spectra recorded in ambient air show a deteriorated signal of hematite after photo-
bleaching. As a consequence, a longer prior irradiation of hematite improves the SNR
on average. Considering the Raman line of gypsum there is also a clear enhancement
of the SNR (up to 255 %) but in some cases also a significant decrease. The latter case
is due to the laser-induced gypsum-anhydrite phase transition whereby the intensity
of the gypsum-related Raman line decreases while the anhydrite-related Raman line
increases simultaneously. This structural change was independent of the composition
of the surrounding atmosphere. An insufficient number of measurements for reasonable
statistics complicates making general statements about the time-dependent behaviour
of the SNR of quartz, ilmenite and olivine.

It should be noted that although the Raman signal of gypsum or hematite was recorded
several times, the corresponding luminescence backgrounds were very different in inten-
sity and shape. This wide diversity is assumed to originate from various luminescence
centers which would also explain the varying degrees of impacts of the photobleaching
processes.

The absolute values of the SNRs of the examined Raman lines of the individual mea-
surement positions on the sample before bleaching are plotted versus the corresponding
SNRs after bleaching (1 min and 15 min); see Figure 8.22. The values were extracted
from the different fit curves (see Figure 8.21), whereby the error bars represent the
standard deviation of the fit curves.

Figure 8.22: Absolute values of the SNRs of the examined Raman bands before and after
photobleaching in ambient air and CO2 dominant atmosphere. An improvement of the SNR
is represented by the green coloured background. Deteriorations are represented by the red
coloured background.

Because of the high excitation power of 8 mW the SNR is in general quite high. In
one case two ’new’ Raman lines of hematite at ∼ 218 cm−1 and ∼ 290 cm−1 became
detectable after 15 min time or irradiation. The SNR increased to 3.8 and 3.9, respec-
tively, which is above the detection limit (SNR = 3).
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Overall, it should be noted that in most cases the SNRs of the strong Raman lines
increased after photobleaching processes, whereby for a rough characterization of the
mineral group (e.g. sulfates) this is not essential. However for a more precise identi-
fication, photobleaching of minerals seems to make sense especially because the weak
Raman lines are better resolved. On the other hand, a prolonged intense irradiation
of a mineralogical sample may also lead to photoinduced damaging effects or to phase
transitions depending on the examined mineral. These specific cases indicate that pho-
tobleaching in Raman spectroscopy can no longer be considered as non-destructive.

Although the efficiency of photobleaching of minerals was less than of biological sam-
ples, here the bleaching effect seemed to be unavoidable, as well. Whether or not prior
irradiation of the sample makes sense depends on the examined mineral but appears
to be independent of the surrounding atmosphere. For an unknown sample it is rec-
ommended to lower the laser excitation power so that the probability of photoinduced
alteration of the sample is reduced.

8.3.5 Photobleaching measurements of the remaining samples

The following paragraph is intended to briefly discuss the special features of photo-
bleaching measurements of the individual remaining samples.

Xanthoria elegans

A special feature of Xanthoria elegans was the intense luminescence background signal
in the Raman spectra which complicated the choice of appropriate parameters such as
integration time and laser power without causing a saturation of the detector. Based
on different attempts to determine these parameters, an integration time of 0.1 s and
a laser power of a maximum of 2 mW were used to investigate the time-dependent be-
haviour of luminescence. Nevertheless, the initial values of luminescence intensity were
still very high and major differences in these values depending on the measurement
position on the sample were recorded. This suggests that the luminescent pigments
were inhomogeneously distributed which is not surprising since the lichen was a natu-
ral sample and not synthetically produced. Therefore, several time series were recorded
at different positions on the sample and in three different atmospheres. The initial lu-
minescence intensities differed by a factor of 10. Three typical time series of the Raman
spectra of Xanthoria elegans are illustrated in Figure 8.23.

Two figures (middle, right) show an exponential decay of luminescence intensity which
appears to describe a common relationship between luminescence and time of irradi-
ation. In a few cases the luminescence increases again after reaching a minimum; see
Figure 8.23 (left). The different reasons for this phenomenon to appear in biological
samples were already discussed in the case of photobleaching measurements of the green
alga of Circinaria gyrosa.
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Figure 8.23: Three time series of the Raman spectra of the lichen Xanthoria elegans. The
Raman plots represent typical measurements performed under ambient air, CO2 dominant
atmosphere as well as vacuum.

The normalized averaged luminescence behaviour as a function of time in ambient
air, Mars-like CO2 dominant atmosphere and vacuum is illustrated in Figure 8.24.
The reduction of the luminescence intensity can be approximated with a third order
exponential fit.

Figure 8.24: The kinetics of photobleaching can be described by a third order exponential fit.
The corresponding residuals are illustrated below. Measurements were performed in ambient
air (left), CO2 dominant atmosphere (middle) and vacuum (right).

The comparison of the photobleaching kinetics in different surrounding atmospheres
shows that the photobleaching processes proceeded clearly faster in Mars-like atmo-
sphere and vacuum than in ambient air on average. More specifically, in ambient air
the luminescence intensity is reduced by 71.6 % after 1 min irradiation of the sample
whereas in CO2 dominant atmosphere and vacuum it decreases by 92.5 % and 91.0 %,
respectively. The luminescence intensity continues to decrease with an increasing ex-
posure time, whereby only small changes appear after another 14 min. In detail, the
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intensity is reduced by 74.2 %, 94.2 % and 91.6 % in ambient air, CO2 dominant atmo-
sphere and vacuum, respectively.

Although the disturbing luminescence background in the Raman spectra was reduced
to such large extents, no Raman lines could be resolved after photobleaching. A closer
examination of the luminescence and especially the spectral position of the maximum
reveal that probably several different luminescent pigments were the cause of the intense
background signal. This assumption is supported by the fact that the position of the
maximum ranged from approximately 1569 cm−1 (581 nm) to 2775 cm−1 (624 nm) at t
= 1 s. One of these pigments responsible for the luminescence emission at approximately
625 nm was parietin [193]. Parietin is part of the upper cortex and responsible for the
orange colour of the lichen [60].

The change of the spectral position of the luminescence maximum to higher Raman
Shifts with an increasing photobleaching time as well as the fact that numerous Ra-
man lines of parietin were detected using an excitation wavelength of 1064 nm (see
Section 7.3.2.1) and were not visible after photobleaching (532 nm) suggests that the
photobleaching processes irreversibly changed the structure of the luminescent and si-
multaneous Raman-active parietin molecules. Hence, in this case, the photobleaching
technique was a destructive method, because continuous laser irradiation changed the
lichen to such an extent, that a characterization using Raman spectroscopy became
impossible (no Raman lines). As a result, in the case of the luminescent lichen of Xan-
thoria elegans, this method did not provide any advantages regarding its identification
using Raman spectroscopy.

Buellia frigida

Performing Raman spectroscopy of Buellia frigida by using an excitation wavelength of
532 nm was complicated due to two facts. First, the Raman spectrum was dominated
by the signal of the Raman-active molecules of melanin which is a secondary lichen
compound. This appears to be similar to the Raman spectrum of amorphous carbon.
Hence, it was difficult to distinguish whether or not the measured Raman spectrum
was the result of a non-destructive (Raman spectrum of melanin) or a destructive (Ra-
man spectrum of amorphous carbon) irradiation of the sample. Second, because of
the high absorption coefficient of the black lichen thermal alteration of the sample was
more likely than of lighter samples. As a consequence, the irradiation of the lichen
in the visible range (532 nm) over a prolonged time is probably not the ideal method
for luminescence suppression and SNR enhancement to occur. This assumption was
investigated by determining the SNRs of the three Raman bands at approximately
1330 cm−1, 1460 cm−1 and 1560 cm−1; see Figure 8.25.
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Figure 8.25: Absolute values of the SNRs of the three examined Raman lines at approximately
1330 cm−1, 1460 cm−1 and 1560 cm−1 before and after photobleaching in ambient air, CO2
dominant atmosphere and vacuum. An improvement of the SNR is represented by the green
coloured background. Deteriorations are represented by the red coloured background. The grey
rectangle marks the region where the SNR ≤ 3.

Considering all three Raman bands, approximately 50 % of the photobleaching mea-
surements led to an improvement of the SNRs. Still, in this case, the application of
the photobleaching method is questionable especially because it is unclear whether or
not the Raman bands were those of melanin or amorphous carbon probably caused by
heating the sample.

Agar

Agar is the most promising sample regarding the application of the photobleaching
technique for luminescence suppression and related significant SNR improvement. For
the analysis, the intensities of four of the numerous Raman lines of Agar at approx-
imately 740 cm−1, 840 cm−1, 1080 cm−1 and 2940 cm−1 were determined and divided
by the noise which was represented by the standard deviation of the spectral region
without any Raman lines (2000 cm−1 − 2300 cm−1); see Figure 8.26.
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Figure 8.26: A typical Raman spectrum of Agar. The green coloured background marks the
four examined Raman lines from which the intensities were determined and the yellow coloured
background represents the spectral region used to determine the noise level. Both parameters
were used to calculate the corresponding SNRs.

First, the relationship between luminescence intensity and time of laser irradiation was
investigated. For this purpose, the luminescence intensities (sum of all background
counts over the entire spectral range) of the individual time series of Raman spectra
measured at different measurement positions on the sample and under the three differ-
ent atmospheric conditions were determined and plotted versus the time of exposure;
see Figure 8.27. The red line represents the average of the summed intensities with
corresponding confidence intervals (95 %) illustrated as coloured background.

Figure 8.27: Time-dependent normalized luminescence intensities of different measurement
positions on the sample. Measurements were performed in ambient air (left), CO2 dominant
atmosphere (middle) and vacuum (right).

As is the case for all other investigated samples, the initial values of luminescence
intensities at various measurement positions on the sample were very different. The
minimum and maximum values differed by a factor of 17.5 indicating an inhomogeneous
distribution of the luminescent pigments. Besides, the individual behaviours of time-
dependent luminescence intensity are very similar which leads to an average value that

138



8.3. DATA ANALYSIS

can be described by a third order exponential fit. In contrast to the biological samples,
the photobleaching kinetics in different surrounding atmospheres shows that the pho-
tobleaching processes proceeded almost at the same time scale. This applies to 1 min of
irradiation where the luminescence background level is reduced by 53.3 %, 55.7 % and
57.5 % as well as to 15 min of irradiation where the luminescence decreases by 83.5 %,
81.6 % and 82.8 % in ambient air, Mars-like atmosphere and vacuum, respectively.

The advantage of the photobleaching technique is demonstrated by considering the
SNRs of the four Raman lines of Agar. For this purpose, the absolute values of the
SNRs of the examined Raman lines of the individual measurement positions on the
sample before bleaching are compared to the corresponding SNRs after bleaching (1 min
and 15 min); see Figure 8.28. The values were extracted from the different fit curves,
whereby the error bars represent the standard deviation of the fit curves.

Figure 8.28: Absolute values of the SNRs of the four examined Raman lines at approximately
740 cm−1, 840 cm−1, 1080 cm−1 and 2940 cm−1 before and after photobleaching in ambient air,
CO2 dominant atmosphere and vacuum. An improvement of the SNR is represented by the
green coloured background. Deteriorations are represented by the red coloured background.

The SNR of the fourth Raman line improved after photobleaching, whereby this Raman
line was also already detected before photobleaching (SNR ≥ 3). However, since this
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is not enough for identifying the examined sample, the detection of the other Raman
lines is essential. It should be noted that the SNRs of the Raman lines at 740 cm−1,
840 cm−1, 1080 cm−1 show partially significant improvements after photobleaching. Es-
pecially those values that surpass the detection limit (SNR ≥ 3) after photobleaching
are interesting because these Raman lines became visible due to photobleaching pro-
cesses and, therefore, facilitate the identification of the sample. A longer exposure
time did not only suppress the luminescence to a larger extent than shorter times of
irradiation but also did not seem to harm the Raman-active molecules. Both aspects
significantly improved the SNRs of the individual Raman lines and, therefore, their
resolution. Hence in the case of Agar, the potential of photobleaching as an appropri-
ate technique for luminescence suppression and related significant SNR improvement
supporting sample identification has been confirmed.

P-MRS and LRS

The P-MRS mixture is a very difficult sample to be characterized by Raman spec-
troscopy, because of the intense luminescence emission that occurs due to laser irradi-
ation with an excitation wavelength of 532 nm. All Raman spectra are dominated by
the luminescence background signal. Only from some measurement positions on the
sample a spectrum with nearly vanishing Raman bands was obtained. Since some of
the individual minerals of this mixture equalled the minerals in the S-MRS pellet it is
assumed that the cause of the more intense broadband background signal in the P-MRS
sample were the minerals kaolinite and chamosite which only occurred here. This as-
sumption was verified by using Raman spectroscopy to analyse different pure samples
each consisting of a single component of the mineral mixture. Both Raman spectra of
kaolinite and chamosite showed luminescence emission over the entire spectral range.

Figure 8.29: Absolute values of the SNRs of the examined Raman bands before and after
photobleaching in ambient air and CO2 dominant atmosphere. An improvement of the SNR
is represented by the green coloured background. Deteriorations are represented by the red
coloured background.
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The results of photobleaching measurements are illustrated in Figure 8.29. Although
many examined Raman bands show only small improvements there are also some bands,
especially those of siderite, hydromagnesite and apatite, where photobleaching was
clearly advantageous regarding their resolution. A deterioration of the SNRs hardly
appears.

Only in one case, a prolonged time of irradiation of the sample surface could resolve
(SNR ≥ 3) two ’new’ Raman bands of hematite that were not visible before photo-
bleaching (SNR < 3). These Raman spectra merely showing luminescence without any
characteristic Raman bands of the individual minerals did also not take advantage of
the photobleaching technique. Meaning, the SNR of obscured Raman bands was not
enhanced, so that the signals were not detectable after photobleaching. Hence, these
cases are also not reflected in Figure 8.29. This particularly affected the measurements
performed in CO2 dominant atmosphere. Apart from the luminescence background
only two out of ten measurement positions on the sample showed Raman bands.

The lunar analogue simulant pellet was investigated in ambient air and vacuum. The
SNRs of the different Raman bands before photobleaching are plotted versus the SNRs
after photobleaching; see Figure 8.30. Apart from small deterioration in a few cases
there are mainly small improvements.

Figure 8.30: Absolute values of the SNRs of the examined Raman bands before and after
photobleaching in ambient air and CO2 dominant atmosphere. An improvement of the SNR
is represented by the green coloured background. Deteriorations are represented by the red
coloured background.

8.3.6 Summary

For each of the three atmospheric conditions at least ten different measurement posi-
tions on the natural samples and the mineral mixtures were analysed because a ho-
mogenous distribution of the luminescent pigments and luminescence centers was not
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guaranteed. Depending on the examined samples the laser power had to be varied to
prevent thermal degradation.

The results of the photobleaching technique are summarized in Table 8.8. The differ-
ent coloured cells are meant to enable the quick estimation of the suitability of this
technique for each of the examined sample in this study. On the one hand, it is shown
in how many measurements the luminescence intensity increases, stays the same or
decreases after an irradiation of 1 min and 15 min. On the other hand, it is shown
for how many Raman lines the SNR increases, stays the same or decreases after an
irradiation of 1 min and 15 min. Note that not each SNR for every Raman line was
investigated because this would have been an extensive task (especially in the case of
the mineralogical samples). Hence, a personal selection had been made based on the
idea to include strong as well as weak Raman lines. In this summary, no distinction
was made between the measurements recorded under different atmospheric conditions
because these did not significantly influence the photobleaching process. That is why,
the number of measurements or Raman lines of all three atmospheres (ambient
air, Mars-like atmosphere and vacuum) were summed. The values in Table 8.8 are
expressed in percent.

Table 8.8: Changes (expressed in percent) of luminescence intensity and SNR after an irradi-
ation of 1 min and 15 min. Green coloured cells and values represent a decrease of luminescence
intensity but an increase of SNR. Yellow coloured cells and values represent a constant lu-
minescence intensity and SNR. Considering the luminescence intensity a change within ±3 %
is defined as constant. The SNR is considered constant when the change is within the error
bars of the values (see sections above). Red coloured cells and values represent an increase of
luminescence intensity but a decrease of SNR. Blue coloured cells and values represent the case
where no Raman lines were visible before photobleaching but afterwards Raman signals could
be resolved. Purple coloured cells and values represent the case where no Raman lines were
resolved before and after photobleaching.

As a result, this method of photobleaching is indeed appropriate for luminescence re-
duction (green) in most cases, however, it should be noted that this fact does not
necessarily lead to an enhancement of the SNR which is essential for sample identifica-
tion.

It appears that generally the photobleaching technique (excitation wavelength at 532 nm)
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resulted in a deterioration of the SNRs of the biological samples. In the case of Xan-
thoria elegans no statements regarding the time-dependent behaviour of SNRs could
be made because no Raman bands were resolved before and after photobleaching. The
black lichen Buellia frigida was difficult to investigate using an excitation wavelength
in the visible spectral range (532 nm) because of its high absorption coefficient. This
also leads to the uncertainty whether or not the observed Raman bands belong to the
luminescent and Raman-active pigment melanin or amorphous carbon which would
imply thermal degradation of the sample due to a prolonged exposure time. The case
of the green alga of Circinaria gyrosa is interesting because in addition to the photo-
bleaching effect, the resonance effect plays a role. Despite the latter case, there were
almost no improvements of the SNRs. In general, there is the risk that a prolonged
exposure time (15 min) irreversible damages the Raman-active molecules that should
actually be investigated by Raman spectroscopy. Hence, this method is appropriate
for luminescence reduction but inappropriate for SNR improvement in the biological
samples examined in this study.

Things look different for Agar and the Mars and Moon analogue mixtures. Especially
due to the application of the photobleaching technique to the light-coloured sample
Agar significant improvements of the SNRs were obtained. Even new Raman lines,
which were obscured by the luminescence background signal before photobleaching,
were detected demonstrating the benefits of this method. More precisely, the SNRs
of 97 % of the measurements improved after 15 min exposure time. Considering the
mineralogical samples S-MRS and LRS, the number of Raman lines with improved
SNRs was not quite as high but still exceeded 60 %. In the case of P-MRS, it was more
difficult to obtain enhanced signals (less than 40 % of the SNRs improved).

Despite these findings it should be noted that there are two arguments that can distort
the results. First of all, the samples were already irradiated by white-light during
adjusting the focus in the view-mode. This can already result in an excitation of the
molecules and, thus, photobleaching before the actual Raman measurement begins.
This, in turn, obviously influenced the results of the time-dependent measurements of
photobleaching. The second argument that can distort the results concerns the way
the laser light (bleaching source) was switched on. For this, a mechanical shutter in
the excitation light path was used. Simultaneously opening the shutter and starting
the measurement − thus, recording data − was complicated. This implies that the
real initial luminescence intensities were higher than the measured values because for a
small period of time (< 0.5 s) the sample was already irradiated before recording data.
Both arguments are mentioned here, although they should only have little effect on the
qualitative statement of this section: On average the photobleaching technique
is advantageous for Agar and the mineralogical samples but inappropriate
for the biological samples examined in this study. Nevertheless, it should
be note that every sample is bleached as soon as it is irradiated by laser
light (or even white-light).
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Chapter 9

Anti-Stokes Raman Spectroscopy

In this chapter the longwave luminescence signal is spectrally separated from the Ra-
man signal due to the recording of a spectrum of the short wavelength range. In this
spectral region, the anti-Stokes Raman scattering is less influenced by luminescence
contributions.

9.1 Theory

Figure 9.1: Schematic representation of Raman scattering and fluorescence emission in a
Jablonski diagram.
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One possibility to handle the problem of disturbing luminescence in Raman spec-
troscopy is measuring the anti-Stokes Raman scattering instead of the Stokes Raman
scattering; see Figure 9.1. The advantage of the anti-Stokes spectrum is a less domi-
nant luminescence contribution. For this to happen, three different conditions must be
fulfilled:

1. A proper excitation wavelength must be chosen so that it does not coincide with
an excited electronic state (between the excited states)

2. Proper instruments (spectrometer) must be used to measure the high frequency
range (anti-Stokes)

3. Populated excited vibrational states must be present before excitation

With regards to item one, an excitation wavelength of 532 nm was used in this thesis.
The second item was realized by rotating the grating (600 l/mm) of the spectrometer, so
that either only the anti-Stokes spectrum could be recorded (-4600 cm−1 − 0 cm−1) or
both the anti-Stokes as well as the Stokes spectrum could be measured simultaneously
(spectral range -2300 cm−1 − +2300 cm−1). This, in turn, requires the application of
a notch filter instead of a low-pass filter in the beam path. Both filter types suppress
the Rayleigh light whose intensity is several orders of magnitudes higher than the
intensity of the scattered Raman radiation and, therefore, enable the detection of the
Raman signals. All wavelengths which are longer than the excitation wavelength such
as those from the Stokes Raman scattering can pass these filters. However, this also
includes potential luminescence emission which usually occurs in the longer wavelength
region (Stokes shift). As a result, it should be obvious that this spectral range is not
suitable to prevent luminescence detection regardless of the filter type. Since a low-
pass edge filter does not only block the Rayleigh light but also all wavelengths which
are shorter than the excitation wavelength, there is no possibility to detect another
spectral region. In contrast, a notch filter is a very narrow optical band filter which
only blocks the excitation wavelength and let longer as well as shorter wavelengths
pass. As a result not only the Stokes but also the anti-Stokes Raman spectrum of an
examined sample can be detected simultaneously. The advantage of the anti-Stokes
Raman signals is a spectrum with less disturbing luminescence interference (because of
its blue-shifted character compared to the excitation wavelength) that can be used to
identify the sample. It is problematic, that the anti-Stokes Raman scattering intensity
is significantly weaker than the Stokes Raman scattering intensity at normal room
temperature conditions. This is because for the anti-Stokes scattering to occur, there
have to be molecules already in the excited states before excitation takes place. Only
a small fraction of molecules fulfil this condition at room temperature. Hence, the
sample has to be heated, so that the number of molecules in an excited state increases
before excitation. Alternatively, two-colour excitation can be used to populate excited
vibrational states. This includes a second laser.

9.2 Experimental setup

The measurements were performed in the WITec company’s headquarters in Ulm, Ger-
many. The excitation wavelength of 532 nm and the corresponding notch filter, spec-
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trometer, detector and a 10x objective were used to simultaneously detect the Stokes
and anti-Stokes Raman spectrum; see Figure 9.2.

Figure 9.2: Raman setup of the WITec company’s headquarters in Ulm used for Raman
measurements in the low (Stokes) and high (anti-Stokes) frequency range. The right side shows
the heating stage with a sample to be investigated.

According to theory discussed in detail in Section 9.3, the anti-Stokes lines intensities
are highly temperature-dependent. That is why the samples were heated by a heating
stage integrated into the small scan table. The temperature was raised in 25 K steps
starting at room temperature. After reaching the individual desired temperatures,
a pause of 1 min was made in order to ensure equilibrium temperature between the
heating stage and the samples. The temperature range was between 298 K and 473 K
and could be adjusted in 1 K steps using the WITec software.

9.3 Preliminary theoretical considerations

This section primarily serves to answer the question under which conditions useful
results with respect to the occurrence of anti-Stokes signals are to be expected. This
is theoretically investigated in the following three paragraphs.

The temperature range of the heating stage was between 298 K and 473 K and the sam-
ples show characteristic Raman lines in the whole spectral region (0 cm−1 − 4000 cm−1).
For this reason, the temperature and the spectral position dependence of the anti-Stokes
intensity is theoretically examined in the first paragraph. In the second paragraph the
higher sensitivity of anti-Stokes intensity on temperature variations is compared to this
of Stokes intensity and graphically displayed. In the last paragraph the case of strong
Stokes lines appearing in some Raman measurements is considered. Thus, it is exam-
ined how strong these Stokes intensities at different temperatures and spectral positions
must be to actually detect corresponding anti-Stokes lines.
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Temperature dependence of anti-Stokes intensity

The temperature dependence can be seen in the equation of the Raman intensity (4.49)
whose derivation is briefly discussed in Section 4.3.2.1. According to this equation

Iphoton
anti-Stokes = Ckν̃hNν̃L(ν̃L + ν̃k)3

8π2cν̃k
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the denominator decreases with increasing temperature, which leads to an increasing
anti-Stokes intensity. Consequently, the anti-Stokes Raman spectrum can be detected
at higher temperatures where anti-Stokes scattering clearly becomes more pronounced.
To verify this statement the anti-Stokes intensity can be written as
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This temperature-dependent behaviour of anti-Stokes intensity is illustrated in Figure
9.3 by plotting g(ν̃L, ν̃k, T , k, h, c) versus different temperatures. The parameters k,
h and c are considered to be constant.

Figure 9.3: Temperature-dependent behaviour of anti-Stokes intensities of various Raman
Shifts.

Obviously the anti-Stokes intensity does not only depend on the temperature but also
on the Raman Shift. Thus, in the anti-Stokes range it becomes more difficult to detect
Raman lines at low relative wavenumbers, e.g. at -3000 cm−1, compared to Raman
lines near the Rayleigh scattering, e.g. at -100 cm−1. Especially, water-related signals
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in the anti-Stokes spectral region [-2900 cm−1; -3500 cm−1] are highly unlikely to de-
tect. Hence, anti-Stokes lines with a Raman Shift between -30 cm−1 and -1000 cm−1

are the preferred signals to be examined. This is also the case in the study by Böttger
et al. [340] who investigated the temperature dependence of anti-Stokes/Stokes ratios
of silicon (at ±520 cm−1), olivine (at ±855 cm−1) and diopside (at ±390 cm−1 and at
±670 cm−1).

Sensitivity of anti-Stokes and Stokes intensity on temperature variations

Comparing the relationship between intensity and temperature of anti-Stokes and
Stokes lines for a chosen Raman Shift at ±1 000 cm−1, shows the higher sensitivity
of anti-Stokes intensity to temperature variations; see Figure 9.4. This behaviour is
also predicted by equation (4.49).

Figure 9.4: Anti-Stokes and Stokes intensity of a chosen Raman line at ±1 000 cm−1 at various
temperatures normalized to their values at 273 K (left). The grey rectangle represents the anti-
Stokes (middle) and Stokes (right) intensity at different temperatures (273 K, 323 K, 373 K,
473 K and 573 K).

Figure 9.4 also shows the anti-Stokes (middle) and Stokes (right) intensity at different
temperatures, whereby the significant increase of anti-Stokes intensity with increas-
ing temperature is conspicuous. However, temperature variations result in only minor
changes of the Stokes intensity. Note that normalization can lead to the impression
that Iphoton

Stokes ≤ Iphoton
anti-Stokes. In general it holds: Iphoton

Stokes ≥ Iphoton
anti-Stokes.

Correlation between anti-Stokes and Stokes intensity

As already seen in Section 7, it was only possible to a limited extend to detect the
characteristic Stokes lines of the samples examined in this study with an excitation
wavelength of 532 nm. Since the intensities of Stokes lines are in general higher than
those of anti-Stokes lines, Stokes scattering is easier to detect assuming that no lumi-
nescence emission interferes. The advantage of the anti-Stokes spectrum is that it is
less dominated by unwanted luminescence interference. But especially the anti-Stokes
lines of the biological samples examined in this study were difficult to measure due to
temperature-induced sample alteration. For this reason, first the intensities of the anti-
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Stokes lines to be detected were estimated. For this purpose, the anti-Stokes/Stokes
ratio is derived by equation (4.48) and (4.49):

Iphoton
anti-Stokes
Iphoton

Stokes
= (ν̃L + ν̃k)3

(ν̃L − ν̃k)3 e
− hcν̃k

kT

It should be noted that an anti-Stokes signal equal to the detection limit (SNR ≥ 3) is
already a decisive advantage compared to no signal at all in the Stokes spectral region
which, in the worst case, is dominated by luminescence obscuring potential Raman
signals completely. Therefore, first the noise in the anti-Stokes spectral region of the
measured Raman spectra was determined. This ranged between 1 CCD counts and 2
CCD counts depending on the different Raman spectra of the individual samples. Based
on these results a maximum noise level of 2 CCD counts was assumed for calculating
the anti-Stokes intensity that led to the SNR of 3. According to the definition of the
SNR

SNR = Iphoton
anti-Stokes

σ

a minimum intensity value of 6 CCD counts was estimated to be a detectable low limit
for anti-Stokes lines.

Now, the minimal Stokes intensities, which are necessary for the corresponding anti-
Stokes signals to have a SNR = 3, were calculated at various temperatures; see Figure
9.5.

Figure 9.5: Anti-Stokes and Stokes inten-
sity at different temperatures and Raman
Shifts. The insert represents a constant min-
imum anti-Stokes intensity value of 6 CCD
counts.

Table 9.1: Anti-Stokes intensities
(Iphoton

anti-Stokes = 6 CCD counts) of differ-
ent Raman Shifts in relation to the Stokes
intensities at different temperatures (values
are expressed as a percentage).

According to theory, with an increasing difference to the Rayleigh scattering frequency
increasing Stokes intensities are ’necessary’ to receive a minimum resolved anti-Stokes
signal (SNR = 3). These Stokes intensity values rise exponentially, whereby already
at a Raman Shift of 1000 cm−1 and at 293 K an intensity value of almost 600 CCD
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counts is reached. Due to the high sensitivity of anti-Stokes intensities to temperature,
increasing temperatures lower the ’needed’ value of the Stokes intensities. For example
at 1273 K, the Stokes intensity value of a Raman Shift at 1000 cm−1 is only 13 CCD
counts. Hence, the intensity of the anti-Stokes signal (6 CCD counts) corresponds to
44.5 % of the intensity of the Stokes signal (13 CCD counts); see Table 9.1. In Table
9.1 the values at different Raman Shifts and temperatures are listed, that correspond
to the anti-Stokes intensities (Iphoton

anti-Stokes = 6 CCD counts) in relation to the Stokes
intensities. Green colored cells represent a high percentage, yellow colored a medium
percentage and red colored a small percentage. The values also confirm the statement
made above, that the lower the Raman Shift (and the higher the temperature), the
more likely anti-Stokes signals can be resolved and detected.

9.4 Data analysis

Here, it may be pointed out that the Raman community often uses the opportunity
of detecting anti-Stokes as well as Stokes lines to determine the temperature of the
investigated sample (e.g. [340]). In this thesis another also already known approach
is pursued. The purpose of applying the notch filter is to enable the identification of
luminescent samples by analysing the anti-Stokes signals in the short wavelength range
and, thus, preventing the detection of disturbing longwave luminescence.

Measurement parameters

The Raman measurements were performed using an integration time of 10 s. Each
spectrum was an average of 10 acquisitions; see Table 9.2. The applied laser power was
varied between 0.1 mW and 10 mW. The fixed but reduced laser power was between
0.2 % and 20 % of the total laser power and limited due to the potential danger of
sample degradation. One to three measurement positions on the individual samples
were examined.

Integration Accumu- Laser # of Measure-Sample Time [s] lations Power [mW] ment Positions
Xanthoria elegans 10 10 1 1
Buellia frigida 10 10 1 1
Green alga of Circ. gyr. 10 10 0.1 2
Agar 10 10 7 (1.spot), 10 (2.spot) 2
S-MRS 10 10 5 (1.&2.spot), 10 (3.spot) 3
P-MRS 10 10 10 3
LRS 10 10 10 2

Table 9.2: Measurement parameters of the Stokes and anti-Stokes measurements.

Starting at 298 K the temperature was increased in 25 K steps until the maximum
adjustable temperature of 473 K was reached. At each 25 K a Raman spectrum using
the parameters listed above was recorded. As already mentioned in the previous section,
the higher the temperature of the investigated sample before irradiation, the more likely
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anti-Stokes lines become detectable. Obviously this fact is problematic for biological
samples, since heating, even by the influence of laser irradiation, can result in thermal
degradation of these kinds of samples. Another point complicating the detection of anti-
Stokes lines is the spectral position of characteristic Raman lines. The most pronounced
Stokes lines of the biological samples examined in this study are in the spectral range
between 1100 cm−1 and 1700 cm−1, which would require heat supply resulting most
likely in thermal degradation.

Although most of the characteristic Raman lines of minerals and Agar are within the
spectral range of 0 cm−1 − 1100 cm−1 and the minerals should be more stable at higher
temperatures and, therefore, thermal degradation should be less pronounced than in
biological samples, the investigation of the higher frequency range (anti-Stokes) could
not provide any advantages compared to the lower frequency range (Stokes). There are
neither any improvements of SNRs of the anti-Stokes lines compared to the SNRs of
the Stokes lines nor any anti-Stokes lines can be detected, whose corresponding Stokes
lines are obscured by luminescence.

In the following result section these statements and, thus, the evaluation of this tech-
nique are discussed in the next paragraphs. In the first paragraph the Raman spectra
of Xanthoria elegans, Buellia frigida and P-MRS are especially analysed, since in these
cases the application of a notch filter seems to be essential for sample identification
because they exhibit no Stokes lines but only luminescence. The second paragraph
includes the cases where sufficient Stokes signals are present to enable reliable sample
identification. In other words, in these cases the investigation of the anti-Stokes spec-
trum is not necessary. Although the results of both paragraphs emphasize that this
method did not provide any advantages, further features such as temperature-induced
effects, the appearance of luminescence in the anti-Stokes range and resonance effects
are investigated in the succeeding paragraphs.

9.4.1 No anti-Stokes signals

The actual purpose of applying a notch filter to facilitate the identification of a sample
due to their anti-Stokes lines without interference of an intense luminescence back-
ground, which usually occurs at higher wavelengths (in the Stokes spectrum), could
not be served in the cases discussed now; see Figure 9.6, 9.7 and 9.8. The total absence
of anti-Stokes and even clearly identifiable Stokes lines in the Raman spectra did not
allow for a correct identification of these samples.

Xanthoria elegans

The lack of Stokes lines (Figure 9.6), especially in the case of Xanthoria elegans, is
not surprising and was already discussed in Section 7.3.2.1. Even an increase of tem-
perature was not expected to provide better results, since temperature variations have
only little influence on Stokes lines’ intensities.

152



9.4. DATA ANALYSIS

Figure 9.6: Anti-Stokes (left) and Stokes (right) spectrum of Xanthoria elegans at different
temperatures.

Under the assumption that the sample is not damaged between 298 K and 373 K, the
anti-Stokes intensities were theoretically determined. For this purpose, the noise in the
spectral range between 1300 cm−1 and 1700 cm−1 in the Stokes spectrum was deter-
mined. A polynomial function of eighth degree was used for background subtraction
whereby the noise was represented by the standard deviation. Since no Stokes signals
were present, the SNR of the Raman lines must be smaller than 3, which correspond to
the detection limit. Thus, the maximum intensity of the Raman line at, e.g. 1370 cm−1

(in general a strong Raman line of parietin) was calculated by applying equation (6.2),
whereby a maximum SNR of 3 and the previously determined noise was used; see Table
9.3. These calculated intensity values imply that a very weak Raman line should be
present on top of the luminescence background signal. Since this is not the case, the
Stokes signals have to be smaller than the values in Table 9.3. Based on these results,
equation (9.3) was used to calculate the corresponding maximum anti-Stokes intensity
at -1370 cm−1 which is obviously too weak (noise in the anti-Stokes spectral range = 1
− 2 CCD counts) to be detected in the anti-Stokes spectrum.

Noise Maximum Stokes Maximum anti-StokesTemperature [K] [arb. units] intensity [arb. units] intensity [arb. units]
298 25.2 75.6 0.16
323 42.9 128.7 0.45
348 29.0 87.0 0.47
373 29.5 88.5 0.70

Table 9.3: Maximum anti-Stokes intensities at different temperatures predicted by theory.
The noise was determined in the spectral range between 1300 cm−1 − 1700 cm−1 in the Stokes
spectrum. The maximum Stokes and anti-Stokes intensities of the Raman Shift at ±1370 cm−1

were calculated.

It should be noted that these calculations were only done for the temperatures 298 K,
323 K, 348 K and 373 K, since higher temperatures resulted in thermal degradation of
the sample and, therefore, also potential damage of the Raman-active molecules (see
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also Subsection 9.4.3). An indicator for this assumption was the appearance of the
Raman spectrum of amorphous carbon at 398 K, 423 K, 448 K and 473 K.

Buellia frigida

Neither clearly identifiable Stokes nor any anti-Stokes lines could be detected in the
Raman spectra of this sample; see Figure 9.7. The two broad Raman bands in the
Stokes spectrum of Buellia frigida can possibly be attributed to melanin − a secondary
lichen compound acting as photoprotective pigment − or, more likely, to amorphous
carbon resulting from thermal degradation of the sample. As already discussed in Sec-
tion 7.3.2.2, the correct assignment of these bands is rather difficult using an excitation
wavelength of 532 nm.

Figure 9.7: Anti-Stokes (left) and Stokes (right) spectrum of Buellia frigida at different
temperatures.

P-MRS

The Raman spectra of the first and the second measurement position on the P-MRS
pellet show only luminescence in the Stokes as well as in the anti-Stokes range and are
almost free of Raman signals; see Figure 9.8. Exceptions are the Stokes spectra mea-
sured at 298 K − 373 K of the second measurement position. Here, a very weak Raman
line at approximately 1085 cm−1, which can be assigned to siderite, is barely resolved.
A corresponding anti-Stokes line is not visible. Surprisingly, the Raman spectrum at
473 K exhibits Stokes as well as anti-Stokes lines. Possible reasons for this phenomenon
are discussed in Paragraph 9.4.3 and 9.4.4.
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Figure 9.8: Anti-Stokes (a, c) and Stokes (b, d) spectrum of the P-MRS pellet at different
temperatures. First (a, b) and second (c, d) measurement position on the sample.

9.4.2 Stokes and anti-Stokes signals

It should be noted that the following two paragraphs include measurement results in
which Stokes signals occur, and anti-Stokes signals are either present or not. In other
words, for these samples the application of a notch filter is not essential since their
identification is already possible by means of these Stokes signals. Nevertheless, both
cases are discussed since analyses of additional effects will follow in the next paragraphs
of this chapter.

Agar

The rather high laser power of 7 mW (first measurement position) and 10 mW (sec-
ond measurement position) was chosen because the Raman line intensity is propor-
tional to the incident laser irradiation intensity (see equation (4.45)) and because a
thermal degradation of this light sample (white colour implies a lower absorption coef-
ficient) was not expected to occur. Another matter which should simplify the detection
of anti-Stokes lines is the spectral position of characteristic Raman lines. The most
pronounced Stokes lines are in the spectral range of 300 cm−1 − 1500 cm−1, whereby
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especially the lines positioned at <1000 cm−1 are more likely to have corresponding
anti-Stokes signals. An additional broad band at ∼3000 cm−1 is out of the spectral
range of detection.

Despite the relatively close spectral distance of the Stokes lines to the excitation wave-
length and the rather high integration time and laser power, no anti-Stokes lines occur
in the Raman spectra measured at different temperatures; see Figure 9.9. In addition,
the Stokes intensities are also rather low; see Table 14.3 in the appendix.

Figure 9.9: Anti-Stokes (a, c) and Stokes (b, d) spectrum of Agar at different temperatures.
First (a, b) and second (c, d) measurement position on the sample.

Green alga of Circinaria gyrosa, S-MRS, P-MRS and LRS

The Raman spectra of the green alga of Circinaria gyrosa, S-MRS, P-MRS (3rd mea-
surement position) and LRS show Stokes as well as anti-Stokes lines. However, the
present anti-Stokes signals are usually less numerous and distinctly weaker than the
Stokes signals and, thus, insufficient for sample identification. The corresponding Ra-
man spectra can be seen in the following paragraphs.
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9.4.3 Consequences of heating for Raman signals

Phase transition

The first effect of phase transition is shown using the example of the S-MRS pel-
let. The position and the intensities of the measured Stokes and anti-Stokes lines were
determined; see Table 14.4 (appendix). From these data it follows that the Raman
spectra of the first measurement position of the S-MRS sample is dominated by the
Raman signals of gypsum, whereby the increase of temperature induced a structural
change of the gypsum molecules resulting in a gypsum-anhydrite phase transition; see
insert in Figure 9.10. The strongest Raman line of both minerals can be assigned to the
symmetric stretching mode of SO4 tetrahedra, whereby the Raman line of anhydrite is
at approximately 1022 cm−1 and the line of gypsum at approximately 1006 cm−1.

Figure 9.10: Anti-Stokes and Stokes spectrum of the first measurement position on the S-MRS
pellet at different temperatures.

Disappearance of Raman lines

The temperature-induced disappearence of Raman lines is discussed in the example
of the Raman spectra of the mineralogical samples P-MRS and S-MRS ; see Figure 9.8
(c,d) and 9.11. First, a short description of the temperature-dependent behaviour of
the Raman spectra of P-MRS is given.

At the third measurement position of the P-MRS pellet very weak Stokes lines on top
of the intense background signal could be detected in the temperature range of 298 K −
423 K (Figure 9.11). Characteristic Raman lines attributed to quartz were detected at
approximately 127 cm−1, 197 cm−1 and 463 cm−1 between 298 K and 348 K. However,
these signals disappear with increasing temperature and a Stokes line at 1085 cm−1,
which can be assigned to siderite, becomes resolved between 348 K and 373 K. In
addition, features in the lower wavenumber region (120 cm−1 − 300 cm−1) and the
characteristic (very weak) double peak of olivine at 817 cm−1 and 852 cm−1 (398 K)
appear.

The Raman spectra of the second measurement position are also almost free of Raman
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signals. Exceptions are the Stokes spectra measured at 298 K − 373 K. Here, a very
weak Raman line at approximately 1085 cm−1, which can be assigned to siderite, is
near the detection limit (Figure 9.8 (c, d)).

Figure 9.11: Anti-Stokes (a) and Stokes (b) spectrum of the third measurement position on
the P-MRS sample at different temperatures. Anti-Stokes (c, e) and Stokes (d, f) spectrum of
the second and third measurement position on the S-MRS sample at different temperatures.
The third sample position (S-MRS) was readjusted because of possible temperature-induced
shifts. Therefore, two Raman spectra were recorded at 448 K.

The same effect of signal disappearance during the increase of temperature can be
observed considering the S-MRS pellet (Figure 9.11). Here, the Raman spectra of the
second sample position exhibit features that can be assigned to the mineral phase of
hematite, whereas the spectra of the third position are a mixture of gypsum, anhydrite,
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hematite, quartz and even olivine.

The occurrence of different Raman lines and the fact that the Raman spectra recorded
at higher temperatures exhibit no Raman signals might be caused by a temperature-
induced marginal expansion of the heating stage resulting in a slight change of the
sample position compared to the laser spot position on the sample. Since the laser
spot diameter on the sample was about 2.6µm this marginal change of measurement
position could result in a shift of other minerals into the laser spot area. Other possi-
bilities which might explain the temperature-induced changes of Raman features are,
on the one hand, an increasing background which could obscure the Stokes lines or,
on the other hand, thermal degradation of the sample. These will be discussed in the
succeeding paragraphs.

Sample degradation

As mentioned in the previous paragraph sample degradation is a negative side-effect
of the increase of temperature. This is especially pronounced among the biological
samples, since these are obviously not as resistant to a temperature increase as the
mineralogical mixtures. Nevertheless, sample degradation can not be excluded to oc-
cur in minerals. The Raman spectra of the green alga of Circinaria gyrosa are a good
example to illustrate this effect (Figure 9.12).

Figure 9.12: Anti-Stokes (a, c) and Stokes (b, d) spectrum of the green alga of Circinaria gyr.
at different temperatures. First (a, b) and second (c, d) measurement position on the sample.
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The Stokes spectrum shows the characteristic Raman lines of the carotenoid pigments
which are part of the green alga of Circinaria gyrosa. The three main Stokes lines at
approximately 1006 cm−1, 1157 cm−1 and 1522 cm−1 can be assigned to the CH3 in-
plane rocking mode, C-C stretching mode and C=C stretching mode, respectively [204].
Although the photobleaching effect contributed to the decrease of Stokes intensities,
the main reason for the intensity decrease was the increase of temperature resulting in
thermal degradation of the sample and, thus, damage of the Raman-active carotenoid
molecules. That is why the Raman lines almost completely vanish at 398 K. A further
increase of temperature provided Raman spectra without any Raman signals.

9.4.4 Consequences of heating for luminescence signals

Varying luminescence intensity

Regardless of red- or blue-shifted luminescence two different effects concerning its in-
tensity were observed during these measurements. On the one hand and as already
seen in Chapter 8 the background intensity decreased during laser irradiation due to
photobleaching effects and partly recovered during the time necessary to reach a new
temperature of the sample. This photobleaching mechanism dominated especially in
the Raman spectra of the green alga of Circinaria gyrosa, Xanthoria elegans and Agar
at lower temperatures.

However, higher temperatures partly led to a significant increase of the background
intensity which could be caused by the temperature-induced degradation of the sample
or marginal expansion of the heating stage. Thermal degradation of the sample could
cause diverse shapes and intensities of the background signal. Besides, the dark colour
of a sample (e.g. Buellia frigida) indicates a high absorption coefficient which could
lead to an increased risk of thermal degradation of the sample. The expansion of the
heating stage could result in a slight change of the sample position relative to the laser
spot position on the sample. Since the luminescent pigments were inhomogeneously
distributed in the sample surface, this marginal shift could be sufficient to measure a
different amount of luminescent molecules each temperature. In this case the different
luminescence intensities would not be the result of different temperatures, influencing
the molecules of the sample but of different measurement positions on the sample.

9.4.5 Anti-Stokes fluorescence

The occurrence of luminescence emission in the spectra is a disadvantage of Raman
spectroscopy that actually should be minimized in this thesis by means of the appli-
cation of a notch filter and a heating stage. It now appears that all Raman spectra
of the examined samples in this study also clearly show luminescence emission in the
higher frequency range related to the excitation frequency. Although the luminescence
intensity in the anti-Stokes spectrum is significantly lower than in the Stokes spectrum
it is still present, especially near the Rayleigh scattering. As a consequence and due
to the fact that anti-Stokes luminescence is present in almost the entire spectral range
(until -2000 cm−1), it is rather difficult to detect potential anti-Stokes signals. Besides,
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in addition to the decaying luminescence signal, a second maximum of luminescence at
approximately -1850 cm−1 and -2000 cm−1 occurs in the anti-Stokes spectra of Xantho-
ria elegans and the green alga of Circinaria gyrosa, respectively.

In literature this phenomenon is known as anti-Stokes fluorescence or so-called frequency-
upconverted fluorescence. Its origin in Rhodamine 6G ethanol solutions, for instance,
was investigated by Erickson [341] who suggested three different models as a possible
explanation. These models are schematically represented in Figure 9.13.

Figure 9.13: Schematic representation of the three models explaining the origin of anti-Stokes
fluorescence.

In the first model, a spin-forbidden transition from the lowest vibrational level of the
ground state S0 to the lowest vibrational level of the excited triplet state takes place
via absorption of a photon. If now the electron receives thermal energy from its sur-
roundings (thermal activation), a reverse intersystem crossing of this electron from the
excited triplet T1 to the excited singlet S1 state can take place. It follows the transi-
tion to the ground state by fluorescence emission. This is also known as E-type delayed
fluorescence. As a consequence the lifetimes of the fluorescence should be equal to the
lifetime of the triplet state. Besides, the fluorescence intensity depends linearly on the
intensity of the excitation intensity (on the condition of a low-intensity regime).

In the second model, the molecule is already in one of the excited vibrational states
of the ground state S0, whereby its population is determined by the Boltzmann dis-
tribution (thermal excitation). The absorption of a photon induces a transition from
these occupied vibrational states of S0 to the vibrational states of the excited singlet
state S1. This is followed by the radiationless vibrational relaxation to the lowest vi-
brational level of S1 and then concluded by the emission of a photon with a higher
energy than that of the absorbed photon. Since the population of the vibrational levels
of the ground state S0 strongly depends on temperature, the transition from S1 to S0
should be also strongly temperature dependent.

In the third model, a two-photon absorption process is responsible for the transition
from the ground state S0 to the first excited singlet state S1 or even second excited sin-
glet state S2. Again, the radiationless vibrational relaxation to the lowest vibrational
level of S1 and then the emission of a higher energetic photon than the incident photon
follows. The excitation and emission intensity are proportional (Iem ∼ In

ex), where n
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is the number of photons required to populate the emitting state. In a two-photon
process n = 2.

Investigation of anti-Stokes fluorescence occurring in the measured Raman spectra

As already mentioned, each sample exhibited a decreasing luminescence signal with
decreasing wavenumber in the anti-Stokes spectral range, whereby the spectra of Xan-
thoria elegans and the green alga of Circinaria gyrosa additionally exhibited a maximum
at approximately -1850 cm−1 and -2000 cm−1, respectively. Hereinafter, the origin of
this emission was investigated using the example of the P-MRS pellet. Since in this
context luminescence lifetime measurements could not be performed (1st model), and
an increase of temperature only partially led to an increase of the luminescence inten-
sity (2nd model), it is investigated whether or not this phenomenon can be explained
by a two-photon process (3rd model).

For this purpose, anti-Stokes Raman measurements of the P-MRS pellet were per-
formed at room temperature using an integration time of 1 s. As previously mentioned,
each spectrum was an average of 10 acquisitions. Starting at 0.1 mW the laser power
was systematically increased until 16 mW was reached, which was the maximum laser
power without causing detector saturation. The dependence of (a) the luminescence
intensity at -500 cm−1 and (b) the summed intensity values of the background signal in
the spectral interval [-30 cm−1,-1200 cm−1] on the laser power is shown in Figure 9.14.
In both cases the intensity grows linearly with low laser powers and quadratically with
higher laser powers. This relationship implies that a two-photon process is responsible
for the anti-Stokes fluorescence at high laser powers. The data points are described
by the quadratic equation f(x) = a + b · (x − c)2. However, the origin of the linear
dependence at low laser powers can not be specified in the framework of this study.
Nevertheless, it should be noted that local laser-induced temperature changes can also
contribute to anti-Stokes luminescence emission due to an increased occupation of the
excited vibrational levels of the ground state (2nd model).

Figure 9.14: Dependence of the anti-Stokes luminescence intensity at -500 cm−1 on the ex-
citation power (left). Dependence of the summed anti-Stokes luminescence intensity values in
the spectral interval [-30 cm−1, -1200 cm−1] on the excitation power (right).
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9.4.6 Resonance effect

Stokes and anti-Stokes signals provide the possibility to determine whether or not signal
amplification due to the resonance Raman effect (RR) occurs. Since only the miner-
alogical samples S-MRS and LRS as well as the green alga of Circinaria gyrosa exhibit
sufficient anti-Stokes signals, only these samples were examined for this effect.

Green alga of Circinaria gyrosa

It is already well known that the usually high SNRs of the Stokes signals of the green
alga appear due to the resonance Raman effect enhancing their intensities [204, 205].
Hence, this sample is used to explain the principle whether or not signals are enhanced.
Therefore, a correction factor R(ν̃k) that includes the scattering cross sections and the
correction for the absorption coefficient [342] has to be added to equation (4.49) to
correctly describe the resonance anti-Stokes/Stokes ratio:

Iphoton
anti-Stokes
Iphoton

Stokes
= R(ν̃k)(ν̃L + ν̃k)3

(ν̃L − ν̃k)3 e
− hcν̃k

kT

For R(ν̃k) = 1 the equation describes the ’non-resonant case’, whereby the measured
Stokes intensities can be used to calculate the expected anti-Stokes intensities. Since
these calculated values do not correspond to the very weak anti-Stokes lines occurring
in the measured Raman spectra, R(ν̃k) has to be different from 1. The calculated
resonance correction factors are listed in Table 9.4. It should be noted that R(ν̃k)
differs between the temperatures and also between the two modes at approximately
1006 cm−1 and 1157 cm−1. The third anti-Stokes line at -1522 cm−1 was not detected
in the Raman spectra.

Table 9.4: Anti-Stokes and Stokes intensities measured at different temperatures and the
corresponding resonance correction factors.

S-MRS

The background level in each Raman spectrum of the S-MRS pellet is rather low re-
sulting in strong Stokes signals, which can already be used for sample identification; see
Figure 9.10 and 9.11. The low background level in the anti-Stokes spectral range is one
of the reasons why the anti-Stokes spectra are analysed, especially whether or not there
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is a resonant enhancement of these Raman signals. The fact that only a few anti-Stokes
lines could be detected is explained by the applied laser power which was limited due
to the potential danger of sample degradation. Nevertheless, the anti-Stokes/Stokes
intensity ratios of the first and third measurement position could be plotted versus
the individual temperatures (Figure 9.15 (a, b)) and versus the different Raman Shifts
(Figure 9.16 (c, d)). Since there were only a few anti-Stokes lines detected at the second
sample position no corresponding figures are shown.

Figure 9.15: a) Anti-Stokes/Stokes intensity ratio of the anhydrite lines at 1015 cm−1,
626 cm−1, 495 cm−1 and 418 cm−1 of the first measurement position for different temperatures
at a fixed laser power of 5 mW. b) Anti-Stokes/Stokes intensity ratio of the anhydrite lines at
1022 cm−1, quartz lines at 462 cm−1, 202 cm−1 and 123 cm−1 and hematite line at 221 cm−1 of
the third measurement position for different temperatures at a fixed laser power of 10 mW.

Figure 9.16: c) Anti-Stokes/Stokes intensity ratio plotted versus the anhydrite lines at
1015 cm−1, 626 cm−1, 495 cm−1, 418 cm−1, 111 cm−1 and 91 cm−1 of the first measurement
position for different temperatures at a fixed laser power of 5 mW. d) Anti-Stokes/Stokes in-
tensity ratio plotted versus the anhydrite line at 1022 cm−1, olivine line at 813 cm−1, quartz
lines at 462 cm−1, 401 cm−1, 381 cm−1, 202 cm−1, 180 cm−1 and 123 cm−1 and hematite lines
at 275 cm−1 and 221 cm−1 of the third measurement position for different temperatures at a
fixed laser power of 10 mW.
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As predicted by theory, the anti-Stokes/Stokes intensity ratios generally decrease with
increasing Raman Shifts and increase when the sample was heated by an external
source. In both cases, the excitation power was kept constant. The latter case rep-
resents the higher sensitivity of anti-Stokes intensities on temperature variations com-
pared to Stokes intensities.

To what extent the applied laser power also contributed to sample heating and, there-
fore, influenced the anti-Stokes/Stokes intensity ratios depends on the investigated
material and its thermal diffusion and absorption properties [340]. Since no powders
with single standing particles but a mineral mixture pressed into pellets were inves-
tigated, a certain thermal conductive link of the individual particles being in contact
with their neighboring particles existed. The heat transfer, which is characterized by
the mean free path of thermal phonons, is influenced by defects, grain boundaries and
cracks. Hence, the more or less great diversity of minerals complicates its understand-
ing. A detailed study of the influence of external heating and laser excitation power on
the anti-Stokes/Stokes intensity ratios of micron-sized particles of silicon, olivine and
diopside was carried out by Böttger et al. [340].

Finally, band positions and intensities were used to calculate the resonance enhance-
ment factor R(ν̃k) of different Raman lines; see Figure 9.17. Since some Raman lines
appeared or disappeared during temperature variations (probably due to temperature-
induced changes in the sample position on the heating stage) or too few anti-Stokes
lines were detected, both figures show a more or less complete set of calculated R(ν̃k)
values for only one mineral of the first and the third measurement position.

Figure 9.17: Calculated resonance enhancement factor R(ν̃k) for various Raman Shifts of
anhydrite measured at the first sample position (left) and quartz measured at the third sample
position (right). It should be noted that anhydrite was measured between 398 K − 473 K and
quartz was measured between 298 K − 423 K. A dependence of R(ν̃k) on temperature could
not be determined.

The single data points for one and the same Raman Shift represent the values of R(ν̃k)
calculated for different temperatures. It should be noted that for certain Raman Shifts,
R(ν̃k) appears to significantly depend on temperature variations, whereas for others it
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is more stable (less scattering of data points). On the other hand, the scattering of
data points which is most pronounced for weak Raman lines, is also the result of the
low SNRs of anti-Stokes signals resulting in intensity determinations containing errors
in the dimension of the shot noise range. In the cases considered in this study, R(ν̃k)
generally reaches values between 1 and 3 for different Raman lines suggesting a selective
enhancement of certain Raman bands. Furthermore, since a complex system of several
different minerals and impurities was studied, the nature of the nearest neighboring
molecules seems to significantly influence the absorption properties (location of the en-
ergy states) of each molecule and, therefore, the values of R(ν̃k). This could lead to
different values of R(ν̃k) for the same mineral but in different molecular environments.
Besides, different reabsorption properties of various neighboring molecules (concerning
inelastically scattered light) could also play a role for the resonance Raman effect.

LRS

Although the Raman measurements of the LRS pellet were performed using a rel-
atively high integration time (10 s) and laser power (10 mW), the SNR is generally
rather low; see Figure 9.18. The background level intensity is similar to the intensity
level already considered in the analysis of the S-MRS pellet.

Figure 9.18: Anti-Stokes (a, c) and Stokes (b, d) spectrum of the LRS pellet at different
temperatures. First (a, b) and second (c, d) measurement position on the sample.
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While the first measurement spot exhibits the characteristic Raman signals of pyroxene,
the minerals hematite and plagioclase were measured at the second position. Some of
the Stokes lines of pyroxene as well as of hematite show corresponding (weak) anti-
Stokes signals in the higher frequency range, whose SNRs are lower compared to the
SNRs of the Stokes lines; see Table 14.5 (appendix). Hence, there was no advantage in
the detection of the blue-shifted anti-Stokes spectrum. Whether or not changes in the
intensity of the Raman lines were the result of different temperatures or marginal shifts
of the sample position (expansion of the heating stage due to increasing temperatures)
or, even both, is unclear.

A short analysis whether or not the Raman signals were the result of a resonance
enhancement was done by calculating the resonance enhancement factor R(ν̃k) for py-
roxene (1st position) and hematite (2nd position); see Figure 9.19. Each data point rep-
resents the R(ν̃k) value calculated for different temperatures, whereby no temperature-
related definite trend can be identified. A selective enhancement of individual Raman
line intensities can be clearly seen considering the R(ν̃k) values of pyroxene signals lying
between 0.7 and 3.1 with an obvious upward trend with increasing Raman Shifts. The
calculated values of R(ν̃k) for both Raman lines of hematite at 214 cm−1 and 276 cm−1

are between 1.2 and 2.3. The scattering of the data points is probably due to the in
general rather low SNR of the Raman lines.

Figure 9.19: Calculated resonance enhancement factor R(ν̃k) for various Raman Shifts of
pyroxene measured at the first sample position (left) and hematite measured at the second
sample position (right). The Raman signals of pyroxene and hematite were measured in the
temperature range of 298 K − 473 K. A dependence of R(ν̃k) on temperature could not be
determined.

9.4.7 Summary

The appeal of this method lies mainly in the low additional technological effort (replac-
ing the edge filter with a notch filter) compared to the classical setup that was used
in this study (commercially available system). However, the approach of luminescence
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rejection by the investigation of the anti-Stokes spectral range did not lead to satisfying
results. More precisely, no or very weak anti-Stokes lines were visible in the Raman
spectra, whereby their resolution was also complicated due to a decaying background
signal caused by one-photon as well as two-photon processes.

The presumption outlined at the beginning of this chapter, that this method based
on relatively high temperatures is rather inappropriate for biological samples, can be
confirmed in this study. Nevertheless, it should also be mentioned, that in the case
of the mineralogical pellets a further increase in temperature above 473 K might lead
to better results. This could, for instance, be realized by a so-called Linkam Stage
(TS1500), which can provide temperatures up to 1770 K. Besides, the application of
a two-colour excitation instead of a heating stage might provide usable results. Fur-
thermore, significant longer integration times are a possibility to improve the SNR of
Raman lines and, thus, enable the detection of anti-Stokes lines.

To determine the real influence of the temperature on the Raman signal intensity,
problems such as the shift of the measurement position due to expansion effects of
the heating stage at increasing temperatures need to be solved. Besides, the detection
of anti-Stokes lines is more difficult the bigger the spectral distance to the excitation
wavelength. In general, values up to -1000 cm−1 are realistic, which means that the
detection of biological materials with many lines in the short wavelength range (≤-
1000 cm−1) as well as water and water-related signals of hydrated minerals or salts
(-2900 cm−1 − -3900 cm−1) is probably only possible to a limited extent in the anti-
Stokes spectral range.
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Chapter 10

Shifted Excitation Raman
Difference Spectroscopy
(SERDS)

This chapter describes the principle of luminescence removal by subtracting two Raman
spectra measured with two slightly shifted excitation wavelengths.

10.1 Theory

In contrast to the other methods applied in this study, SERDS does not in a strict
sense reject luminescence but rather eliminates luminescence contributions in the Ra-
man spectra by an accurate background subtraction mechanism; see Figure 10.1. In
other words, it is a combination of physical and mathematical luminescence suppression
approaches.

Figure 10.1: Schematic representation of the SERDS technique.

SERDS Principle

The principle of Shifted Excitation Raman Difference Spectroscopy (SERDS) is based
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on Kasha’s rule [343], which states that the fluorescence shape is nearly invariant with
small changes in the excitation photon energy. On the contrary, Raman scattering is
directly linked to the excitation wavelength. Thus, the subtraction of two Raman spec-
tra from each other excited at two slightly shifted excitation wavelengths leads to the
elimination of the luminescence-related features which are equal in both spectra while
the Raman signals due to their small shift remain preserved in form of a (derivative-like)
difference spectrum [344–346]. Subsequently, the classical form of the Raman spectrum
can be reconstructed from this difference spectrum by means of numerical analysis.

Reconstruction and Normalization

The reconstruction of the Raman spectrum is not essential and especially not a triv-
ial task. In literature different data processing approaches can be found [345–349, and
references therein], whereby some suffer from line broadening, small line position uncer-
tainties, changes in relative line intensities and introduction of artefacts. It should be
noted that these approaches already include different ways of normalization of the two
recorded slightly shifted Raman spectra before subtraction. This first step of data pro-
cessing is already very important and influences the difference spectrum and, thus, the
quality of the reconstructed Raman spectrum [83,346,347]. The accurate normalization
of both raw spectra is especially important when photobleaching processes and power
fluctuations lead to different luminescence shapes in both spectra [346, 350]. With-
out normalization the difference spectrum will still contain luminescence contributions
which complicate the interpretation of the difference spectrum and cause problems in
the next step of the reconstruction of the Raman spectrum.

Generation of two slightly shifted excitation wavelengths

Apart from different data processing approaches there are also various ways to gen-
erate two slightly shifted excitation wavelengths required for SERDS. For example,
Maiwald et al. [351] used an excitation source emitting light at 671.0 nm and 671.6 nm.
These were generated by two separate laser cavities whereby each frequency was se-
lected by a reflection Bragg grating. In other studies Maiwald et al. used a distributed
feedback (DFB) laser diode whose emission wavelength (785.38 nm and 785.88 nm) was
shifted by direct current modulation [352] and a temperature tuning device [349] pro-
viding excitation wavelengths at 487.61 nm and 487.91 nm [353]. The latter excitation
source was also used to investigate extraterrestrial particles returned from the asteroid
Itokawa [354]. One of the simplest approaches to receive two excitation wavelengths
that meet the requirements for SERDS was proposed by Volodin et al. [344] who used
two different laser diodes emitting slightly shifted laser beams. Matousek et al. [355]
combined time-resolved Raman spectroscopy (via Kerr gate) and SERDS to analyse
the dye rhodamine 6G in methanol and water. Here, a moving galvanometer mirror
was used to select the dual slightly shifted excitation wavelengths which beforehand
were generated by the dispersion of a broadband excitation beam via a grating. Bell et
al. [348] used a similar approach that includes shifting the grating of the spectrometer.
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Optimal shift of the excitation wavelength ∆ν

Most studies suggest that an appropriate value for the shift of the excitation wave-
length ∆ν corresponds to the full width at half maximum (FWHM) of the Raman
band to be examined. Zhao et al. [349] systematically examined the cases where ∆ν
>> FWHM and ∆ν << FWHM for different mathematical algorithms and suggested
that optimal results are obtained with ∆ν corresponding approximately to the FWHM
of the narrowest peak. Gebrekidan et al. [346] stated that ∆ν < 0.5 nm results in a
distortion of Raman lines during the reconstruction process or even the total removal of
Raman lines. But he also underlined that this loss of information only occurred in the
case of the samples examined in this study (oral tissue of humans). Cordero et al. [83]
pointed out that a shift in the excitation wavelength corresponding to the FWHM is
a reasonable approach for the examination of powders of crystalline proteins which
have Raman bands with similar spectral widths. However, for instance some biological
components were characterized by Raman spectra containing lines with varying band-
widths which could constitute a problem for the reconstruction algorithm, especially
since these Raman lines are essential for a successful identification of the sample.

10.2 Expermintal setup

The SERDS measurements were performed with the Raman microscope setup which is
depicted in Figure 10.2. A detailed description is already given in Section 7.2.

Figure 10.2: Schematic representation of the Raman setup. Own representation based on
[295]. Components of the Raman microscope: 1. single-mode optical fiber, 2. beam splitter, 3.
dichroic mirror, 4. objective, 5. scan table, 6. ocular camera, 7. filter slider, 8. sliding prism,
9. multi-mode optical fiber.

The SERDS measurements were performed using two different Nd:YAG lasers with
slightly shifted excitation wavelengths at approximately 532 nm. Both lasers were cou-
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pled into the microscope via a 50:50 Wideband Coupler.

10.2.1 Parameters and data analysis procedure

Both Nd:YAG lasers emitted radiation with slightly shifted excitation wavelengths at
approximately 532 nm. The shift between both wavelengths was approximately 0.25 nm.
The collection of Raman spectra was done successively and with identical laser power,
integration time and number of accumulations on the same sample spot for both laser
sources; see Table 10.1.

Sample Integration Time [s] Accumulations Laser Power [mW]
Xanthoria elegans 1 10 1
Buellia frigida 1 100 0.5
Green alga of Circinaria gyrosa 1 100 0.1
Agar 1 100 7
S-MRS 1 100 7
P-MRS 1 100 7
LRS 1 100 7

Table 10.1: Measurement parameters of the SERDS method.

In the case of Xanthoria elegans only 10 accumulations were recorded because of the
intensive bleaching effect. For data analysis the average spectra of the 10 or 100 single
Raman spectra were determined to reduce the shot noise and, thus, improve the SNR.
The laser power was chosen according to prevent sample degradation, detector satura-
tion and minimize photo-induced bleaching processes. However, photobleaching could
not be completely avoided. Hence, normalization of the raw spectra before subtraction
was required. As already mentioned in the previous theory section there are different
ways to normalize both Raman spectra. In this study the normalization procedure
proposed by Kaiser [347] was applied.

First, the quotient of both raw spectra (xraw1
i and xraw2

i ) measured with slightly shifted
excitation wavelengths was calculated:

xquotient
i = xraw1

i

xraw2
i

with i = 1, ..., 1024 (10.1)

Then, a spline function was used to approximate the background signal in the quotient
spectrum. This provided 1024 (1024 corresponds to the total number of pixels of the
CCD) individual factors, which could be used for normalization:

xnew1
i = xraw1

i · xnorm
i (10.2)

Subsequently, the calculation of the difference spectrum is carried out:

xdifference
i = xnew1

i − xraw2
i (10.3)
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It should be noted that the data analysis in this work was done by means of the
difference spectra. The classical form of the Raman spectra, in other words, the recon-
struction was not considered in this thesis. This is due to the fact that the development
of algorithms for reconstruction is a highly complex task which greatly exceeded the
framework of this study. This is emphasized by various studies dealing with problems
such as the preservation of peak position, line width and relative line intensities (see
Section 10.1).

10.3 Data analysis

This evaluation section of the SERDS method is divided into four sections. Initially
in the first and second paragraph, measurement results are discussed which emphasize
various advantages of this technique. Afterwards, cons are mentioned that are related
to the measurement results as well as general (technical) framework conditions.

10.3.1 Advantages regarding the SERDS measurements

Shift of excitation wavelength vs. full width at half maximum (FWHM) of Raman sig-
nals

As already mentioned, the slight shift of the excitation wavelength ∆ν could not be
influenced, since two completely different excitation sources were used. Thus, during
the measurement acquisition the shift was not constant, but slightly changed so that
the difference between both excitation wavelengths was between 0.22 nm and 0.27 nm
corresponding to 7.8 cm−1 and 9.5 cm−1, respectively. Since there was no possibility to
adjust or keep the temperature of the lasers constant, this unwanted shift was probably
caused by small temperature variations.

In literature it is often stated that the shift of excitation wavelength should be approxi-
mately the same as the FWHM of the Raman signals to get optimal results [349]. This
seems to be particularly important for the reconstruction of the Raman spectrum. Due
to the lack of a reconstruction algorithm, the reconstruction step is not part of this the-
sis. Hence, no statement regarding the dependence of the quality of the reconstructed
Raman spectrum on ∆ν can be made.

Nevertheless, in this study the influence of ∆ν on the difference spectrum is considered.
This is possible because the Raman spectra of the different samples contain signals with
a wide range of FWHMs. A selection of Raman spectra depicted in Figure 10.3, shows
most of the resolved Raman lines also in the form of a derivative-like signal in the
difference spectra. Each spectrum was recorded under ambient light (dotted lines),
which is discussed in the next paragraph.
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Figure 10.3: Normalized Raman spectra of the green alga of Circinaria gyrosa, LRS, P-MRS
and three different measurement positions on the S-MRS pellet recorded using two slightly
shifted excitation wavelengths. This selection of Raman spectra was chosen according to the
wide range of different FWHMs of the Raman lines. The green spectra correspond to the
individual difference spectra and the dotted lines indicate the additional interfering background
signals of neon light.

In general it should be noted that in the case of the samples examined in this study
∆ν does not necessarily have to be approximately equal to the FWHM of the Raman
lines. For instance, Table 10.2 contains measurements with ∆ν << FWHM, which still
resulted in well-resolved signals in the difference spectrum. Of course, this statement
is limited by a certain threshold value, since the signal strength is significantly reduced
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with increasing FWHM. The FWHM of each Raman line is listed in Table 14.6 in the
appendix.

∆λ FWHMmin-Sample Characteristic signal [nm] [cm−1] FWHMmax [cm−1]
Green alga of Circ. gyr. carotene 0.26 9.2 15−45
LRS plagioclase 0.24 8.5 20−114
P-MRS siderite 0.27 9.5 16−79
S-MRS (1. spot) gypsum, hematite 0.25 8.8 11−71
S-MRS (2. spot) hematite, pyroxene, olivine 0.24 8.5 9−79
S-MRS (3. spot) olivine 0.23 8.1 12−22

Table 10.2: Shift of excitation wavelength and the minimum and maximum values of the
FWHM of the Raman lines of the raw Raman spectra.

Luminescence and ambient neon light

In contrast to the Raman lines, other signals which are independent of small shifts
of the excitation wavelength were removed by the SERDS method. These include
broadband (Figure 10.4, top) as well as narrowband (Figure 10.4, top) luminescence
background signals and ambient light (Figure 10.5, top), in this case neon light (dotted
lines).

Figure 10.4: Normalized Raman spectra recorded using two slightly shifted excitation wave-
lengths and difference spectrum of LRS (plagioclase). Broadband and narrowband luminescence
between 2300 cm−1 − 2900 cm−1 is completely removed in the difference spectrum.

The narrowband luminescence in the Raman spectrum of the LRS pellet was possibly
caused by the rare earth ion Eu3+ in the host crystal of plagioclase [25] (see Section
7.3.3.3). The Raman spectrum of neon light is shown in Figure 14.2 and the exact
Raman line positions are listed in Table 14.7 in the appendix.

All of these unwanted signals completely disappeared in the difference spectrum by
the application of a sufficiently good normalization. The possibility of differentiating
between sample specific Raman signals and luminescence, ambient light or artefacts is
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one of the greatest strengths of this method when compared to the other techniques
described in this study. This prevents misinterpretations of alleged Raman signals and,
thus, increases the probability of a correct identification of the examined materials.

Another helpful ability is the separation of overlapping signals consisting of, for in-
stance, neon light at 490 cm−1 and a Raman line of gypsum at 495 cm−1 in the spec-
trum of the S-MRS pellet; see Figure 10.5 (left). The Raman line appears as a barely
visible shoulder of the strong neon line in one of the two normalized raw spectra; see
Figure 10.5 (right). Of course, this makes an interpretation difficult. However, in the
difference spectrum the derivative-like signal resulting from this almost hidden Raman
line is clearly resolved. This could be very helpful especially in the case of Raman spec-
tra with only a few characteristic Raman signals which are all important for sample
identification or in the case of noisy Raman spectra where only the strongest Raman
line was detected and, thus, at least needed for a rough characterization of the material.
An example for the latter case could be the symmetric stretching vibration of the SO2−

4
ion at approximately 1000 cm−1 [356] helping to identify the mineralogical group of the
sulfates.

Figure 10.5: Normalized Raman spectra of S-MRS (gypsum and olivine). The green spectrum
corresponds to the difference spectrum and the dotted lines indicate the additional interfering
background signals of neon light. The right figure resembles the enlargement of the spectral
range between 0 cm−1 and 1000 cm−1 to emphasize the overlap of the neon line at 490 cm−1

and the gypsum line at 495 cm−1. Despite this, the Raman line is well-resolved in the form of
a derivative-like signal in the difference spectrum.

’New’ Raman lines

Another benefit of the SERDS technique is presented by means of the Raman spectrum
of the P-MRS pellet and Agar. For better visibility, both measurements were performed
with the lights switched off. In the case of the P-MRS pellet the normalized Raman
spectra already show the characteristic features of hematite on top of the broadband
luminescence background signal; see Figure 10.6 (left). Nevertheless, the difference
spectrum shows very weak ’new’ Raman lines at approximately 616 cm−1, 703 cm−1,
808 cm−1 and 1164 cm−1 which are hardly resolved in the raw spectra; see Figure 10.6
(right). Although in this case, these weak lines are not absolutely necessary for sample
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identification, it demonstrates the advantage of this method. The corresponding SNRs
of the Raman lines are given in Table 14.8 in the appendix. For instance, in a mixture
of weak and strong Raman scatterer, this could especially facilitate the identification
of the weak Raman scatterer whose signals would possibly not be discussed to prevent
misinterpretation otherwise.

Figure 10.6: Normalized Raman spectra of P-MRS (hematite). The green spectrum corre-
sponds to the difference spectrum. The right figure resembles the enlargement of the spectral
range between 400 cm−1 and 1450 cm−1 to emphasize the better resolution of the weak Ra-
man lines at approximately 616 cm−1, 703 cm−1, 808 cm−1 and 1164 cm−1 in the form of a
derivative-like signal in the difference spectrum (dotted lines).

This effect is even more pronounced and also even more important when considering
the Raman spectrum of Agar ; see Figure 10.7. With the exception of the broad Raman
band between 2900 cm−1 and 3000 cm−1, the identification of Raman signals in the
raw spectrum is nearly impossible, whereas the difference spectrum clearly reveals
wavelength-dependent features. The corresponding peak positions are listed in Table
10.3 and can be attributed to Agar.

Figure 10.7: Normalized Raman spectra of Agar. The
green spectrum corresponds to the difference spectrum
revealing wavelength-dependent features in the form of
a derivative-like signal (dotted lines).

Raman Shift [cm−1]
363
466
745
846
896
971
1081
1256
1476
2906
2971

Table 10.3: Peak positions of
Agar extracted from the differ-
ence spectrum shown in Figure
10.7.
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Broad Raman band

In the case of the raw spectrum of Agar, it is not completely clear whether or not
the broad Raman band between 2900 cm−1 and 3000 cm−1 consists of only one Raman
line with a FWHM of 129 cm−1 or at least two overlapping Raman lines with smaller
FWHMs of 87 cm−1 and 78 cm−1; see Figure 10.7, top. However, the difference spec-
trum clearly shows the resolved derivative-like signals corresponding to two Raman
lines.

10.3.2 Advantages regarding the SERDS method

Fixed pattern ’noise’

The fixed pattern ’noise’ is an interfering factor in the Raman spectra that can arise,
among others, from optical components of the instrument, a non-uniform detector re-
sponse or the general structure of back-illuminated CCD cameras [349]. The latter
refers to the possibility of multiple reflections on the border surfaces of the photo-
sensitive region (silicon layer) and the resulting destructive and constructive interfer-
ences [357]. This interference pattern is also known as spectral and spatial fringing
pattern, which is specific for the individual used device. Since this kind of detection
device was also used in this study, all Raman spectra suffer from this effect.

This is where another advantage of the SERDS technique comes into effect. The sub-
traction of both raw spectra with the same fixed pattern ’noise’ eliminates this interfer-
ing factor and, thus, improves the SNR [345,349]. As a result the signal in the difference
spectrum is only limited by shot noise. An example of the fixed pattern noise is shown
by means of the Raman spectra of Agar ; see Figure 10.8. For a better visibility, only
the spectral range between 2000 cm−1 and 2800 cm−1 is shown.

Figure 10.8: Normalized Raman spectra of Agar. The green spectrum corresponds to the
difference spectrum, where the fixed pattern ’noise’ is completely removed due to subtraction
of both Raman spectra. Left: Different y-axes. Right: The same y-axis. Note that an offset of
660 CCD counts is added to the difference spectrum.
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10.3.3 Problems regarding the measurement results

Distorted signal

An example in which the SERDS principle does not work without any problems is
the P-MRS spectrum that shows the characteristic features of amorphous carbon; see
Figure 10.9.

Figure 10.9: Normalized Raman spectra of P-MRS (amorphous carbon). The green spectrum
corresponds to the difference spectrum revealing wavelength-dependent features in the form of
a derivative-like signal.

Here, the D-band at approximately 1344 cm−1 and the G-band at approximately 1598 cm−1

are the dominant features in the Raman spectrum. Both are very different in their
FWHMs. While the G-band (FWHM = 58 cm−1) is represented by a ’normal look-
ing’ derivative-like signal in the difference spectrum, the D-band signal seems to be
distorted to a certain degree in the difference spectrum. The rather large value of
the FWHM of 99 cm−1 and the small shift of both excitation wavelengths of 8.8 cm−1

should result in a reduction of the signal strength. The distortion is most likely caused
by different overlapping Raman lines, whereby according to the difference spectrum a
total number of three lines forming the D-band could be assumed. Of course, distorted
signals could also lead to misinterpretation and, thus, misclassification of the sample.
This is an important issue that has to be taken into account when applying the SERDS
technique.

A similar distorted signal occurs in the case of Buellia frigida, whose melanin or amor-
phous carbon signal is similar to the one of the P-MRS pellet; see Figure 14.3 in the
appendix. Thus, the difference spectrum provides no information about which of the
signals are present. It is questionable whether or not the reconstruction would lead to
better results.
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No Raman lines

It should be noted, that although the SERDS technique offers many advantages, it
is not possible to provide additional information that are not already present in both
raw spectra [349]. In many cases it is an appropriate method that supports the sample
identification because existing features are emphasized more strongly. However, this
also implies that if no Raman features are present in the raw spectra there will be also
no signals in the difference spectrum. For instance, this is the case when considering
the Raman spectrum of Xanthoria elegans; see Figure 10.10. The subtraction of both
normalized raw spectra does not show any evidence of Raman signals. The strongest
Raman lines should be present between 1000 cm−1 and 2000 cm−1 (see Section 7.3.2.1).
Only an increasing shot noise level with increasing wavelength is visible.

Figure 10.10: Normalized Raman spectra of Xanthoria elegans. The green spectrum corre-
sponds to the difference spectrum without any Raman signals.

10.3.4 Problems regarding the SERDS method

Constant ∆λ

In this study two different Nd:YAG lasers with slightly shifted excitation wavelengths
were applied. Nevertheless, after a few minutes small changes (approximately 0.02 nm
− 0.04 nm) in the excitation wavelengths occurred, which could not be influenced.
These unwanted minimal shifts could also occur during data acquisition because in
most cases 100 spectra in a total measurement time of 100 s were recorded to reduce
the shot noise. This can influence the quality of Raman spectra and, thus, the quality
of the difference spectrum. Therefore, a prerequisite for obtaining optimal results is
the ability of controlling the excitation wavelength to guarantee its constancy and, if
necessary, to adapt ∆λ to the FWHMs of the Raman lines in the spectrum. This does
not only influence the quality of the difference spectrum but also the quality of the
reconstructed Raman spectrum.
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Long measurement time

The advantage of a short data acquisition time in Raman spectroscopy is not any-
more valid without restrictions when applying the SERDS technique. The reason for
this is the same Raman spectrum being recorded twice with two slightly shifted excita-
tion wavelengths. This doubles the total measuring time which is especially important
to consider when very long measurement times are required.

Shot noise

In contrast to the fixed pattern ’noise’, the shot noise can not be eliminated by the
SERDS method [349]. On the contrary, the shot noise level increases when both raw
Raman spectra are subtracted [344]. An improvement of SNR is achieved by further
data processing steps leading to the reconstruction of the Raman spectrum. In this
study the shot noise was reduced by an increase of the number of accumulations (100
in most cases) and by succeeding averaging.

10.3.5 Summary

The applied SERDS method (without reconstruction of the Raman spectrum) elimi-
nated in all cases considered in this study the luminescence in the Raman spectra. In
this regard it makes no difference if it involves narrow- or broadband luminescence.
Furthermore, SERDS allows not only to remove luminescence but also non-wavelength
dependent contributions of ambient light, fixed pattern ’noise’ and artefacts in the
spectra and, thus, to distinguish from the actual Raman signals. Here, this is explicitly
emphasized as greatest strength of this method because it prevents misinterpretations
and, thus, increases the probability to correctly identify the analysed samples. This
ability to eliminate several unwanted effects in the Raman spectra distinguishes this
technique from the others introduced here.

For optimal results an adjustable shift of both excitation wavelengths would be nec-
essary, since it should approximately correspond to the FWHMs of the Raman lines.
If this is not the case worse SNRs or distorted derivative-like signals are the result.
Despite limited possibilities for wavelength adjustments, in almost all cases the present
Raman lines in the raw spectra could also be resolved in the corresponding difference
spectra. Only in the case of amorphous carbon (P-MRS) or possibly melanin (Buellia
frigida) distorted signals in the difference spectra were obtained. Besides, in principle
it must be noted that the difference spectrum does not contain additional information
compared to the raw spectra. Thus in the case of Xanthoria elegans, where no Raman
lines were present in the raw spectra, the SERDS technique could not contribute to
identify this sample. This is due to the fact that no lines were visible in the difference
spectrum, although the luminescence was eliminated. However, using the example of
Agar it can be seen that present and barely resolved Raman lines in the raw spectra
were indeed more visible in the difference spectrum.
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Eventually, attention should also be payed to an important point: The quality of
the results crucially depends on the manner of data processing, which begins with the
normalization of the raw spectra (see Section 10.1). Artefacts in the difference spectrum
may appear and decisively influence the reconstruction of the Raman spectrum if the
normalization is not performed sufficiently well.
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Chapter 11

Time-Resolved Raman
Spectroscopy (TRRS)

In this chapter the disturbing luminescence is partly rejected by separating the lumi-
nescence and the Raman radiation in the time-domain. For this purpose, a pulsed
excitation and a gated detection are necessary.

11.1 Theory

Figure 11.1: Principle of time-resolved Raman measurements. The values of pulse width,
gate width and repetition rate are those values used in this study. Own representation based
on [358].

Time-resolved Raman spectroscopy (TRRS) is another approach to handle the problem
of fluorescence emission in Raman spectroscopy. TRRS takes advantage of the differ-
ent lifetimes of both processes (Raman scattering and the fluorescence emission) and,
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thus, separates Raman photons from fluorescence photons in the time domain. While
Raman scattering is an instantaneous process (10−15 s), the fluorescence emission, after
absorption and internal conversion to the first electronic state, lasts for 10−9 s − 10−6 s;
see Figure 11.1. Most of the fluorescence light will not be detected if the detector op-
erates in gated mode and closes shortly after the Raman signal (e.g. in this study
a gate width of 250 ps was used). In this way, the fluorescence contribution can be
suppressed to a great extent in the recorded Raman spectra. This improves the SNR,
since the detection of the quality limiting shot noise of the fluorescence background is
significantly reduced [359].

There are various possibilities to achieve a time-gated detection that differ in terms
of temporal resolution, maximum repetition rate and instrumental complexity. For
example a laser-driven Kerr gate in front of the CCD detector [360,361], a streak cam-
era [362], a complementary metal-oxide semiconductor single-photon avalanche diode
(CMOS-SPAD) detector [363], or an intensified CCD camera [358,364] are used in the
TRRS community.

Apart from a gated detection this approach requires short and intensive laser pulses as
excitation source [358, 359]. Both detector and excitation source are synchronized. In
this context, the first thought regarding the laser pulse duration would be: the shorter
the laser pulse, the better the temporal resolution of the measurements. However, the
spectral resolution suffers from ultrashort laser pulses due to the Heisenberg uncer-
tainty principle [358, 365], which describes the relationship between the uncertainty in
time and energy. This means that femtosecond pulses would result in a very good
temporal resolution but also in significant spectral broadening. In other words a com-
promise between temporal and spectral resolution must be found, whereby pulses of a
few picoseconds seem to be a valid solution. In addition, the intensifier of the ICCD
contributes to spectral broadening [358].

In summary, a high fluorescence rejection efficiency depends on the fluorescence lifetime
and is acquired by short pulse durations and short gate widths. A setup providing a gate
width equal to the pulse duration would be the ideal case and is not yet commercially
available [358]. Besides, Efremov et al. [358] also analysed the closing speed of the gate
which especially plays an important role for short-lived fluorescence. Nevertheless, a
relatively high laser power and laser pulse repetition rate is needed to keep the time
of data accumulation reasonable. On the other hand, a high laser power can lead to
photodegradation of the sample and a high repetition rate can result in the detection
of fluorescence photons by the next laser pulse due to long fluorescence lifetimes.

11.2 Experimental setup

The time-resolved Raman measurements where performed at the Vrije Univerisiteit
Amsterdam. The schematic representation of the experimental time-resolved Raman
setup is shown in Figure 11.2. The settings were based on [358]. The excitation source
was a tunable (700 nm − 950 nm) Ti:sapphire laser (Coherent Mira 900P) that was set
to 880 nm and emitted 3 ps pulses at a repetition rate of 76 MHz corresponding to a
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13.2 ns pulse interval (Coherent Mira 900P). This laser was pumped by a frequency-
doubled Nd:YVO4 laser (Coherent Verdi-V18, Santa Clara, CA, USA) that emitted
light at 532 nm. For this study the 880 nm light was frequency doubled which led to a
Raman excitation wavelength of 440 nm. Traces of other wavelengths were suppressed
by a Pellin-Broca prism that directed the laser beam through a tiny prism and onto
the sample. A grey filter in the beam path reduced the laser power, if necessary. The
laser spot diameter on the sample was about 120µm. After collection and collimation
of the backscattered light (Raman scattering) using lens L2, it passed a dielectric long-
pass filter Semrock 450 AELP (Semrock Inc., Lake Forest, IL, USA) which blocked the
Rayleigh light. Finally, lens L3 focused the scattered light and the emitted fluorescence
on the 100µm entrance slit of a spectrograph (SpectraPro, Acton, MA, USA) equipped
with a 2400 l/mm grating. Using a flip mirror, it was possible to switch between a
non-gated CCD camera (model DV420-O, Andor Technology, Belfast, UK) and an
intensified CCD camera (LaVision Picostar HR Picostar, Göttingen, Germany), which
allowed for continuous wave detection as well as time-gated detection. The intensified
CCD is triggered using a photodiode and an electronic delay line. The cameras were
operated at a temperature of 228 K (non-gated) and 262 K (gated). In this study a
gate width of approximately 250 ps was used.

Figure 11.2: Schematic representation of the experimental setup for time-resolved Raman
spectroscopy.

11.3 Data analysis

The data analysis was performed in two steps. First, the optimal parameters for time-
resolved Raman measurements of the individual samples were determined. A Time-
gated as well as a non-gated Raman spectrum was recorded from the same measurement
position on the sample, using the same excitation power and integration time per spec-
trum. Outliers such as cosmic rays and hot pixel were removed from the spectra. Then,
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the comparison of the results of both measurement modes was pursued by determin-
ing the signal-to-background (SBR) and the signal-to-noise ratio (SNR). The SBR was
defined as the ratio of intensity of the Raman line to the intensity of the luminescence
background at the same position as the Raman line. The SNR was the intensity of
the Raman line divided by the noise. The noise was obtained by approximating the
luminescence background with a polynomial fitting and subsequently subtraction from
the raw spectrum. The noise was defined by taking the standard deviation of a small,
flat spectral interval close to the Raman line of the luminescence-free Raman spectrum.

In order to evaluate the potential of the time-resolved Raman technique to identify
the chemical composition of luminescent, space-relevant biological and mineralogical
samples the whole data analysis was performed in detail for Xanthoria elegans and LRS.
Both samples were chosen because the time-resolved Raman spectra of the biological
as well as the mineralogical sample partly show clear advantages compared to the non-
gated Raman spectra. It is referred to [366] for the published results. After this detailed
analysis, the results of the other samples are briefly discussed in the following Section
11.3.3. From this it should become apparent that time-resolved Raman spectroscopy
is also no universally valid solution which enables the identification of all luminescent
samples.

11.3.1 Time-resolved Raman spectroscopy of Xanthoria elegans

Since the investigated samples in this study were highly complex, they consisted of
a great variety of luminescent compounds that were inhomogeneously distributed in
the individual samples. As a consequence the origin as well as the time-dependent
behaviour of fluorescence emission is partly unknown and depended on the measurement
position on the sample. Therefore, before performing the actual time-resolved Raman
measurements by which the suitability of this technique for measuring space-relevant
samples was evaluated, the delay time leading to optimal measurement results had to
be determined. For this purpose the time-resolved Raman spectra of Xanthoria elegans
were measured by shifting the detector gate over a delay range of -300 ps − 1950 ps
with a step size of 75 ps; see Figure 11.3, left. This measurement procedure is shown
schematically in Figure 11.3 (right) and was done for each of the seven samples.

The Raman spectrum measured at 150 ps has a good signal-to-noise ratio and, thus, is
added to this overview figure to illustrate the main Raman lines. The integration time
was 10 s and each spectrum was an average of 10 acquisitions. The application of a
neutral density filter in the beam path prevented photochemical alteration of the lichen
by reducing the laser power to approximately 5 mW on the sample. This corresponded
to approximately 23 % of the total laser power.

Considering Figure 11.3 (left), it becomes apparent that only detector noise was recorded
between -300 ps and -75 ps delay. This can be attributed to the following two reasons:
Firstly, in this delay range data was recorded before the laser pulse occurred and could
lead to Raman scattering or luminescence emission. Secondly, luminescence emission
seems to have completely decayed after 13.2 ns (76 MHz pulse repetition rate) indicating
that the measurement was not influenced with the next laser pulse.
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Figure 11.3: Time-resolved Raman overview plot of Xanthoria elegans at different delays. The
intensity is given by the colour scale. The blue spectrum at 150 ps illustrates the main Raman
lines (left). Selection of time-resolved Raman spectra at delays between -75 ps and +375 ps
(middle). Schematic representation of the principle of the shifting of the gate by increasing the
delay and the associated temporal selectivity of TRRS (right).

This also supports the assumption that relatively short-lived fluorescence is responsible
for the background signal in the Raman spectra. Long-lived phosphorescence does not
seem to contribute significantly. Thus, in the following discussion the background signal
is referred to as originating from the radiative relaxation from the excited singlet state
to the ground state known as fluorescence emission.

Very weak Raman signals start to appear with the partial overlap of detector gate
and laser pulse at 0 ps. Shifting the gate to higher delays [0 ps, 225 ps] shows, as
expected, signs of instantaneous Raman scattering in the form of five Raman bands in
total. All of these Raman bands completely disappeared at 375 ps (Figure 11.3, left
and middle). Simultaneously, the broadband fluorescence intensity increases as well
with increasing delays until it reaches its maximum intensity value at 225 ps. From
this to 1950 ps delay, it decayed by 88 %. This time-dependent decay is determined by
the fluorescence lifetime(s) of the fluorophore(s) in the examined system. In the case
of Xanthoria elegans the fluorescence emission is, among others, characterized by the
photoprotective pigment parietin (see next section). The shape of fluorescence emission
of parietin is defined by a broad band between 450 nm and 750 nm with a maximum at
505 nm [193]. However, due to the technique of time correlated single photon counting
(TCSPC) the emitted photons and their arrival times were recorded by a single photon
avalanche diode (SPAD). A double exponential decay fit to the fluorescence decay curve
indicates that two different fluorophores with a lifetime of τ1 = 1 ns and τ2 = 0.3 ns
contributed to the broad fluorescence background in the Raman spectra. Note that the
measurement was performed between 440 nm and 720 nm and that the lifetime values
were calculated using the Fluofit software from Picoquant.

Apart from parietin numerous other components, e.g. emodin which has a similar
structure as parietin (Figure 7.5), could be potential candidates contributing to the
fluorescence background. However, due to the high complexity of the examined system
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and the fact that the fluorescence spectra are relatively broad, the exact determination
of the individual fluorescent components is difficult and in the framework of this study
not possible.

To remember the purpose of this overview measurement, the optimal delay parameters
were determined. The optimal delay time was defined by the best-quality Raman spec-
trum, in other words, the spectrum with the highest SNR. Figure 11.3 shows that the
optimum must be between 75 ps and 225 ps. Therefore, another measurement series
was recorded at 125 ps, 150 ps, 175 ps and 200 ps delay (see Figure 11.4). The integra-
tion time was 10 s and each spectrum was an average of 70 acquisitions. The increased
number of recorded spectra led to a long total measurement time but also significantly
improved the SNR (see next section). Five Raman lines are clearly visible.

Figure 11.4: Time-resolved Raman plot of Xanthoria elegans at different delays. The intensity
is given by the colour scale. The blue spectrum at 150 ps illustrates the main Raman lines
(left). Selection of time-resolved Raman spectra at four different delays: 125 ps, 150 ps, 175 ps
and 200 ps (right).

Comparison of the gated and the non-gated Raman spectrum of Xanthoria elegans

Time-gated (125 ps − 250 ps delay) as well as non-gated Raman spectra were recorded
and compared from the same measurement position on the sample. This was repeated
for four different measurement positions in total, whereby for both modes the same
parameters such as an integration time of 10 s, 70 acquisitions and a laser power of
approximately 5 mW were used. The best results (best SNRs) were obtained from
the fourth measurement position whose gated (175 ps delay) and non-gated Raman
spectrum is shown in Figure 11.5.

The Raman spectra of both modes show five Raman lines at 927 cm−1, 1279 cm−1,
1369 cm−1, 1555 cm−1 and 1671 cm−1, which can be assigned to various stretching
and bending modes of the parietin molecule. A detailed description of the individual
vibrations is given in Section 7.3.2.1.
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Figure 11.5: Comparison of the gated (175 ps delay) and the non-gated Raman spectrum of
the fourth measurement position on Xanthoria elegans.

The main advantage of the time-resolved technique is that the majority of emitted
fluorescence photons is not detected when operating the detector in gated mode. This
is supported by calculating and comparing the signal-to-background ratios (SBR) of the
gated and non-gated Raman spectra for each of the four measurement positions. Table
11.1 shows the differences between the four measurement positions in more detail.

Table 11.1: Relative change (improvement) of the gated SBR of five examined Raman bands of
Xanthoria elegans compared to the SBR of the non-gated spectra. Four different measurement
positions on the sample are considered. The individual values represent the factors by which
the SBRs of the gated Raman spectrum improve compared to those of the non-gated spectrum;
a value of 1 corresponds to no changes. Green coloured cells correspond to major changes.
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In general, the SBR in gated mode is improved by a factor of 3.2 − 22.8 (spot 1), 1.9
− 23.0 (spot 2), 4.1 − 24.0 (spot 3) and 1.5 − 4.5 (spot 4) compared to the SBR in
non-gated mode (Table 11.1). Especially the first three sample positions exhibit higher
values corresponding to larger improvements due to the time-resolved measurement
mode and, thus, to a stronger fluorescence rejection. Note that the time-resolved
Raman spectra of the first and second sample position were recorded at 150 ps, 175 ps,
200 ps, 225 ps and 250 ps delay, while those of the third and fourth sample position were
recorded at 125 ps, 150 ps, 175 ps and 200 ps delay.

However, a high fluorescence rejection factor does not contain direct information about
the improvement of the spectrum’s quality. A measure for the spectrum’s quality is the
signal-to-noise ratio (SNR), which was considered because it also allowed for a direct
comparison between the quality of gated and non-gated spectra. It was defined by
the ratio of the Raman signal strength and the noise, which could interfere with the
identification of potentially existing Raman signals. Thus, the SNR of every Raman
line was calculated, whereby a SNR of at least 3 was regarded as a minimum for
identification (Table 11.2).

Table 11.2: Comparison of the absolute values of the gated and non-gated SNRs of five
different Raman lines of Xanthoria elegans. Four different measurement positions on the sample
are considered. A value of 3 is the minimum value for identification. Cells with a SNR below
3 are coloured red. Green coloured cells correspond to a good SNR.

In the non-gated Raman spectra of the first, second and the third measurement position
Raman signals are totally absent (SNR < 3.0), whereas in the corresponding gated
spectra of the same spots 4 − 5 Raman lines are visible. The exact number of Raman
lines depends on the delay time. The individual SNRs also differ with delay time but
in general improve from 1.9 to 12.3 (spot 1), from 3.2 to 11.3 (spot 2) and from 3.0 to
6.4 (spot 3). Although the third sample position shows only small improvements of the
SNR and, the fact that it is questionable whether or not less than five Raman lines in
the gated spectrum of the first measurement position would lead to a correct sample
identification, the time-resolved data show the potential of this technique to identify
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this biological, space-relevant sample. The fourth measurement position is the exact
opposite to the results of the other spots discussed so far. Initially, all five Raman
lines of parietin can already be identified in the non-gated Raman spectrum. These are
well-resolved (SNR: 6.9 − 18.3). The comparison with the SNRs of the corresponding
spectra recorded in gated mode shows only small changes. In fact there are even cases
where the SNRs of the gated spectrum decrease by a maximum factor of 1.5 compared
to those of the non-gated spectrum. It should be noted that for this measurement spot,
the application of the time-resolved technique did not result in significant advantages
over the non-gated measurements. Thus, in this case the use of the gated mode was
not essential for sample identification.

11.3.2 Time-resolved Raman spectroscopy of the LRS pellet

The search for extraterrestrial life is a primary goal in space research. Nevertheless, the
mineralogical identification of different planetary surfaces is certainly not less important
and a challenge when these minerals also fluoresce. This problem is analysed in detail
by the example of the fluorescent lunar regolith analogue material in the following
section. Late and early Mars analogue samples are analysed in Section 11.3.3.

As already mentioned in the previous section, an overview measurement between -300 ps
and 1950 ps and with a step size of 75 ps was performed to determine the optimal
delay time. The integration time was 10 s and each spectrum was an average of 10
acquisitions. Since alteration of this mineralogical sample was highly unlikely to happen
the reduction of the total laser power of approximately 22 mW was not necessary.

Considering the overview plot of LRS a time-dependent behaviour of the delay similar
to this of Xanthoria elegans can be observed. The detection of solely detector noise
between -300 ps and -75 ps delay indicates that the fluorescence lifetime was relatively
short and, thus, the fluorescence photon intensity completely decayed after 13.2 ns;
see Figure 11.6. After reaching the maximum fluorescence intensity at 225 ps delay,
a decrease by 90 % can be determined until 1950 ps delay. The origin of fluorescence
emission in minerals was already discussed in Section 4.2.3.

Here, it merely shall be pointed out that various luminescence centers (e.g. Pr3+,
Nd3+, Eu2+, Dy3+, Tb3+, Ce3+, Mn2+, etc.) can be present in a mineral or a mineral
mixture. As a consequence, at least in this particular case, broadband fluorescence
occurred, which made the identification of responsible luminescence centers and espe-
cially their different nature by means of the Raman spectra challenging. Thus, the time
correlated single photon counting (TCSPC) method could contribute to determine the
number of different types of luminescence centers. A double exponential decay fit to
the fluorescence decay curves of two different measurement positions on the sample
indicated that two different luminescent centers with lifetimes of τ1 = 3 ns, τ2 = 0.2 ns
(spot 1) and τ1 = 0.7 ns, τ2 = 0.1 ns (spot 2) contributed to the fluorescence emission
of this mineral mixture. Note that both measurement positions exhibited very different
fluorescence lifetimes and that the measurements were performed in a larger spectral
range (between 440 nm and 720 nm) than the Raman spectrum (between 440 nm and
480 nm). The lifetime values were calculated using the Fluofit software from Picoquant.
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The mineral or rather luminescence center responsible for the rising fluorescence in the
narrow spectral range of the Raman spectra could not be identified in this study.

Figure 11.6: Overview plot of time-resolved Raman spectra of LRS measured at different
delays. The Raman spectra at 225 ps and 525 ps delay are added to illustrate the main signals.

Apart from fluorescence, there are also very weak Raman lines starting to appear at
0 ps delay (Figure 11.7, left). Various Raman lines at 478 cm−1, 510 cm−1, 665 cm−1,
820 cm−1, 851 cm−1, 962 cm−1, 1009 cm−1 and 1087 cm−1 are resolved at 75 ps delay
and disappear again at 375 ps delay. When the delay was increased [450 ps, 825 ps] two
other signals at 448 cm−1 and 486 cm−1 became visible (Figure 11.7, right).

Figure 11.7: A selection of Raman spectra measured at various delays (left). Raman lines
start to appear at 0 ps delay and disappear again at 375 ps delay. At 450 ps delay two other
signals appear and disappear at 825 ps delay (right).

Comparison of the gated and the non-gated Raman spectrum of LRS

In total, three different measurement positions on the LRS pellet were examined. The
integration time of 10 s and a laser power of approximately 22 mW was used for the
gated (125 ps − 200 ps) as well as for the non-gated mode. The corresponding Raman
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spectra of the second measurement position are shown in Figure 11.8. On the left the
average Raman spectra of 70 acquisitions in gated (175 ps delay) and non-gated mode
and on the right, the average Raman spectra of 50 acquisitions in gated (525 ps delay)
and non-gated mode are compared.

Figure 11.8: The gated Raman spectra measured at 175 ps (left) and 525 ps (right) delay
are compared to the non-gated Raman spectrum of LRS. For better visibility the non-gated
spectrum was smoothed using a moving average.

The Raman spectra of the LRS pellet show characteristic Raman lines of various miner-
als. This can be explained by the relatively large laser spot diameter of approximately
120µm on the sample exciting more than one mineral in the analogue mixture. The
only Raman signals that are visible in the gated (175 ps delay) as well as in the non-
gated spectrum are those of plagioclase at 478 cm−1 and 510 cm−1. Both modes can
be assigned to the breathing modes of the four-membered rings of the tetrahedra [367].
Since plagioclase was the main component of the Moon analogue mixture its occurrence
in the Raman spectra is not surprising. An additional line at 448 cm−1 was detected
in the non-gated mode which could not be assigned to a mineral phase. Since the
raw Raman spectrum measured in non-gated mode is relatively noisy (not shown), no
other Raman lines are visible. This situation emphasizes the advantage of the time-
resolved technique over the classical ’continuous’ excitation, because further Raman
lines in the gated spectrum are resolved indicating that the mineral phases of olivine
(820 cm−1 and 851 cm−1) and diopside belonging to the group of pyroxenes (665 cm−1

and 1009 cm−1) are present. The most pronounced Raman lines of pyroxene correspond
to the vibrations of the SiO4 tetrahedra in the silicate chains [368, 369]. Comparing
various studies a small discrepancy especially of the assignment of the band at 665 cm−1

is apparent. For example, Wang et al. [368] assigned the band to a Si-Ob-Si stretching
mode, whereas an assignment to the bending mode of the bridging (b) oxygen, which
links SiO4 tetrahedra to form the silicate chain, was done by Huang et al. [370]. In two
other studies [369, 371], both the stretching and the bending modes are considered to
be responsible for this Raman line. In contrast, there seems to be a consensus that the
line at 1009 cm−1 is due to the Si-Onb stretching vibration of the nonbridging (nb) oxy-
gen [368–371]. The two distinctive Raman lines of olivine arise from coupled symmetric
and asymmetric Si-O stretching vibrations of the SiO4 tetrahedra [337]. Regarding the
assignments of the two remaining Raman signals solely assumption can be made. Thus,
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the presence of apatite is indicated by the Raman line at 962 cm−1, which − if present −
is due to the symmetric stretching mode of the phosphate ion PO3−

4 [372,373]. Finally,
it is assumed that the Raman line at 1087 cm−1 originates from the CO3 stretching
mode of a carbonate mineral. This is a constituent of the volcanic slag present in the
mineralogical composition of the Moon analogue sample examined in this study.

At 450 ps delay two other signals at 448 cm−1 and 486 cm−1 become visible (compared
to 175 ps delay), whereby the maximum intensity was observed at 525 ps delay; see
Figure 11.8, right. It should be noted that both lines could not be attributed to a
certain mineral, because these were not the result of Raman scattering but of artefacts
caused by the excitation laser. Since these laser-induced artefacts had a similar shape
and half width as typical Raman lines attention must be paid to not misinterpret these
as Raman scattering.

For comparison, the same procedure as in the analysis of Xanthoria elegans was per-
formed. Although the SBR is not, unlike the SNR, a criterion for the quality of a
Raman signal, it was considered here because there were significant differences com-
pared to the lichen. The calculation and comparison of the SBRs of every Raman line
of all three measurement positions on the LRS sample in gated and non-gated mode
revealed, in contrast to the lichen, only small SBR changes. To be precise, the SBR
in the gated Raman spectra changes by a factor of 0.9 − 2.7 (spot 1), 1.1 − 8.9 (spot
2) and 0.9 − 5.2 (spot 3) compared to the SBR in the non-gated spectra (Table 11.3).
The relatively large values of the second measurement position are conspicuous and
can be explained by the fact that most of the Raman signals described above are not
visible in the Raman spectrum detected in non-gated mode.

Table 11.3: The individual values represent the factors by which the SBRs of the gated Raman
spectrum of LRS change compared to those of the non-gated spectrum; a value of 1 corresponds
to no changes. Three different measurement positions on the sample are considered. In most
cases the SBRs in gated mode improve compared to the SBRs in non-gated mode. Green
coloured cells correspond to major changes. pl: plagioclase, di: diopside, ol: olivine, ap:
apatite, CO3: carbonate, ?: unidentified.

Whether or not the quality of the Raman spectrum improved using the time-resolved
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technique was investigated by calculating the SNR for every Raman line of every mea-
surement position. Note that an SNR of at least 3 was necessary for identification; see
Table 11.4.

Table 11.4: The comparison of the absolute values of the gated and non-gated SNRs of various
Raman lines of LRS. Three different measurement positions on the sample are considered. A
value of 3 is the minimum value for identification. Green coloured cells correspond to a good
SNR. pl: plagioclase, di: diopside, ol: olivine, ap: apatite, CO3: carbonate, ?: unidentified.

The fact that all Raman lines of the first and third measurement position are visible in
gated as well as in non-gated mode (SNR ≥ 3), raises doubts if a time-resolved measure-
ment would provide any advantages in this case. And indeed, the consideration of the
individual SNRs of both modes emphasizes that these do not differ significantly. The
values of both measurement positions are between 8.9 and 34.3 (spot 1) and between
3.0 and 53.4 (spot 3). The corresponding values in gated mode are similar (spot 1: 7.7
− 30.8 and spot 3: 4.6 − 54.1), whereby in most cases the SNR rather deteriorates com-
pared to those in non-gated mode indicating that the application of the time-resolved
detection offers no improvement in these measurements. This can be attributed to the
slightly higher noise of the gated ICCD detector, which was cooled to -10 ◦C compared
to -45 ◦C for the non-gated CCD detector. Regarding the Raman spectra of the second
measurement position, the appearance of ’new’ Raman lines in the gated spectra clearly
shows the advantage of the time-resolved Raman technique (see above). The two lines
of plagioclase at approximately 478 cm−1 and 510 cm−1 are the only signals that are
present in both modes (gated and non-gated). Compared to the non-gated spectra the
SNR of the line at 510 cm−1 in gated mode improves by a factor of 1.1 − 2.9. Because
of the overlap of the Raman line at 478 cm−1 and the artefact at 486 cm−1 the SNR
values will not be reported. The SNRs of the other signals, especially those of diopside
(665 cm−1, 1009 cm−1), olivine (820 cm−1, 851 cm−1), probably apatite (962 cm−1) and
the line probably originating from a carbonate mineral (1087 cm−1) improve at least
by a factor of 4.4 − 10.8. The importance of this signal enhancement becomes obvious
when realizing that these Raman lines are totally absent in the non-gated spectrum.
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11.3.3 Time-resolved Raman spectroscopy of the remaining samples

So far it can be specified that the application of TRRS to one biological (Xanthoria el-
egans) and one mineralogical (LRS) sample led, at least partly, to significant successes.
Here, some measurement positions of said samples could be identified by means of their
time-resolved Raman spectra. This could not be achieved using ‘classical continuous-
wave’ excitation. Nevertheless, regarding the other measurement positions there was no
necessity to perform time-resolved Raman measurements, because the spectra measured
in non-gated mode already provided the opportunity for correct sample identification.

Agar and Buellia frigida

Agar is another example where, only after applying TRRS, Raman signals could be
detected and, thus, the examined sample could be identified. The calculation of in-
dividual SNR values of four different Raman lines at four delay times reveals, that in
this case all examined delay times provide good results; see Table 11.5. A delay time
of 175 ps is recommended to obtain a Raman spectrum with best quality.

Table 11.5: Comparison of the absolute values of the gated and non-gated SNR of four
Raman lines of Agar. A value of 3 is the minimum value for identification. Green coloured cells
correspond to a good SNR.

Considering the second measurement position of Agar it becomes apparent, that the
above mentioned statements can not be confirmed regarding this sample spot. The
’classical continuous’ as well as the time-resolved measurement mode did not contribute
to classify this special measurement position; see Figure 11.9.

Figure 11.9: Comparison of the gated and the non-gated Raman spectrum of the second
measurement position on Agar (left) and one measurement position on Buellia frigida (right).
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The lichen Buellia frigida is another example belonging in this category. Here, four
different measurement positions were investigated. As demonstrated by the example
depicted in Figure 11.9, the Raman spectrum measured in non-gated as well as in gated
mode do not provide useable information about this sample.

S-MRS, P-MRS and the green alga of Circinaria gyrosa

Finally, the case should once again be considered where TRRS provided good results
but its application was not essential for sample identification. This applies to both Mars
analogue materials S-MRS and P-MRS as well as the green alga of Circinaria gyrosa.
The Raman spectra show that the three characteristic Raman lines of the carotenoids
and various mineral-related signals are well-pronounced in both modes (gated and non-
gated); see Figure 11.10.

Figure 11.10: Comparison of the gated and the non-gated Raman spectrum of one measure-
ment position on a) S-MRS (200 ps delay), b) P-MRS (175 ps delay) and c) the green alga of
Circinaria gyrosa (175 ps delay).

In the case of the green alga, a significant improvement of the SNR in gated mode can
be observed; see Table 14.9 in the appendix. Considering the SNRs of the individual
mineralogical Raman lines it becomes apparent that it is quite difficult to make a clear
statement about the effectivity of the time-resolved technique. This is, among others,
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due to the values in the time-resolved measurements. These deteriorate as well as
improve compared to the values of the non-gated measurements; see Table 14.10 and
Table 14.11 in the appendix. Furthermore, the question of optimal delay time is also
difficult to answer. Here also, not a single delay time but a delay time interval [125 ps,
175 ps] seems to provide good results.

11.3.4 Summary

Time-resolved (gated) and ’continuous wave’ detection (non-gated) in Raman spec-
troscopy with an excitation wavelength of 440 nm were applied to various biological,
mineralogical and one organic sample in order to evaluate the potential of time-resolved
Raman spectroscopy to reject disturbing fluorescence and, thus, identify space-relevant
fluorescent materials. For this purpose, the signal-to-background (SBR) and the signal-
to-noise ratio (SNR) of the Raman spectra measured in gated mode were determined
and compared to those measured in non-gated mode. The SNR is of particular interest
because it defines the quality of the Raman spectrum. Whether or not improvements
could be achieved by applying the time-resolved technique, is depicted via different
coloured cells in Table 11.6.

Table 11.6: The results of applying time-resolved Raman spectroscopy to different mea-
surement positions on various samples. Green-coloured cells indicate the advantages of gated
measurements over non-gated measurements showing no Raman signals. Red-coloured cells
represent the case where no Raman lines are resolved in the non-gated as well as the gated
spectra. Blue-coloured cells represent the Raman spectra with (well-)resolved Raman signals
measured in both modes. White-coloured cells demonstrate that no Raman measurements were
performed at these sample positions.

This summary of results demonstrates that TRRS could only in isolated cases solve
the problem of fluorescence detection. The green coloured cells represent the cases
where the advantage of TRRS becomes most apparent. Here, non-gated Raman spectra
showed no significant Raman signals in most cases. Nevertheless, sample identification
was possible by means of the corresponding gated measurements. In other words, the
successful application of TRRS was essential and provided additional information al-
lowing for sample characterization. Some results of the lichen Xanthoria elegans, the
organic material Agar and the Moon analogue material LRS fall into this category and
were discussed in detail in Section 11.3.1, 11.3.2 and 11.3.3. In other cases, represented
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by the red coloured cells, time-resolved measurement did not lead to the desired suc-
cess. The featureless non-gated as well as gated Raman spectra were not suitable to
provide relevant sample-specific information. The final case (blue coloured cells) is of
interest although characteristic Raman signals were detected in the non-gated as well
as in the gated measurements. Here, TRRS was not essential for sample identification.
Considering the SNRs of the Raman spectra measured in both modes it is emphasized
that TRRS did not exclusively provide better results compared to the non-gated mea-
surements. However in other cases, for instance, the green alga of Circinaria gyrosa a
clear advantage in the form of significantly improved SNRs could be demonstrated.

Since in this study the measurement results do not allow for an unambiguous evaluation
of the potential of this technique, further investigations of a variety of biological and
mineralogical samples could help to fulfil this task. In the context of a possible future
space-application, these investigations could serve as a database. Finally, at least in
this study, the danger of misinterpreting laser-induced artefacts as Raman scattering
has to be taken into account.

Note that the research leading to these results has received funding from von LASERLAB-
EUROPE (Grant agreement 654148, European Union’s Horizon 2020 research and in-
novation programme).

199





Chapter 12

Space-Application

In this study luminescence suppression, rejection and handling were analysed by means
of five different Raman spectroscopic methods. The evaluation of each technique was
carried out by investigating the potential of identifying different luminescent biological
and mineralogical samples. In this chapter, the five techniques are compared to each
other and their suitability for operation in space is discussed. Afterwards, similar ap-
proaches based on Raman spectroscopy are considered. Finally, the influence of various
existing extraterrestrial environmental conditions on the measured Raman spectra and
the Raman setup itself is investigated.

At the end of this chapter it should be clear, that many different aspects have to be
considered and many decisions have to be made, when constructing a Raman setup
for space-application. In order to achieve this, a team consisting of numerous people
with different backgrounds (people responsible for hardware and software, manager,
scientists, engineers, electronics technicians, etc.) is needed. Hence, in the scope of this
study only a recommendation for a Raman technique for luminescence suppression and
a little insight into various aspects that have to be considered can be given.

12.1 Advantages and disadvantages of applied Raman spec-
troscopic methods

During this study it should have become apparent that there is no universal Raman
spectroscopic approach solving the problem of successfully measuring and identifying
luminescent samples. This implies that either a combination of different (Raman spec-
troscopic) techniques must be taken into account or the scientific questions have to be
limited, e.g. identification of minerals or biological samples. This is aggravated by the
fact that in space power consumption, mass, volume, operation time and robustness
of the system are of crucial importance and, thus, define and limit the performance of
the setup. The benefits and limitations of measurement parameters and of the Raman
setup itself are described in Table 12.1.
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Benefits Limitations
Excitation Wavelength Selection

• Good luminescence suppression
• FT-Raman: high throughput, high reso-

lution
• Resonance effect can resolve Raman sig-

nals on top of the luminescence back-
ground

• At least one excitation wavelength re-
sults in a Raman spectrum that can be
used for sample identification

• Long measurement time due to the
recording of data in the entire spectral
range (0 cm−1 − 4000 cm−1) by rotat-
ing a grating or due to the fact that the
Raman intensity is inversely proportional
to the 4th power of the excitation wave-
length

• The smaller the excitation wavelength
the worse the spectral resolution → may
require more than one grating to obtain
a good resolution, e.g. in the UV

• Sensitivity of silicon-based CCD is opti-
mal between 500 nm − 700 nm → Excita-
tion in the UV or NIR suffers from lower
sensitivity of the detector

• 1064 nm requires another detector (In-
GaAs or Ge)

• Resonance effect can lead to selectively
enhanced Raman bands obscuring not
resonantly enhanced Raman signals but
also to luminescence interference

• Luminescence may dominate the spec-
trum

• The higher the excitation wavelength the
bigger the laser spot diameter and the
higher the material penetration depth

• Only one silicon-based CCD detector for
three different excitation wavelengths →
compact system

• Flight heritage of Nd:YAG laser 366 nm,
532 nm, 1064 nm

• Samples can be directly measured on
the extraterrestrial surface → requires
no collecting and transport mechanism
of the samples

• Long measurement time → higher power
consumption

• Rotating grating → mechanical compo-
nent in space is prone to failure

• Several excitation wavelengths require
different excitation sources (laser), which
would lead to a relatively complex and
expensive instrumentation

→ Limitations in mass, volume and, thus, costs may also restrict the scientific question to be
answered implying that, e.g. mineralogical and biological materials are meant to be
identified
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Photobleaching

• Luminescence suppression in mineralog-
ical samples without laser-induced dam-
age

• Laser-induced damage of biological sam-
ples

• Effective luminescence suppression may
be time-consuming

• Small volume because no additional com-
ponents are required

• An already existing Raman setup in
space can be used, without modification
of the instrument

• Samples can be directly measured on
the extraterrestrial surface → requires
no collecting and transport mechanism
of the samples

• Long measurement time → Additional
power consumption is necessary

• Effective luminescence suppression may
require high laser powers and, thus, an
enhancement of the maximum available
laser power

• The investigation of unknown samples
may partly lead to laser-induced sample
damage

→ Restriction of the scientific question to be answered implying that, e.g. mineralogical and
biological materials are meant to be identified → unsuitable for biological samples

anti-Stokes Raman spectroscopy

• Anti-Stokes spectral range is not com-
pletely free of luminescence

• Anti-Stokes intensity depends on the Ra-
man Shift → -1000 cm−1 may be the
maximum Raman Shift to resolve anti-
Stokes signals

• High temperatures may increase the lu-
minescence intensity

• Not suitable for biological samples →
temperature-induced sample damage

• The relatively low temperature (max.
473 K) does at most lead to small re-
solved anti-Stokes signal (minerals)

• Temperature-induced gypsum- anhy-
drite phase transition occurs

• The optics of an already existing Ra-
man setup in space can be used, whereby
only two components (notch filter, heat-
ing stage) must be additionally qualified
for use in space

• Small volume because no additional com-
ponents are required (edge filter is re-
placed by a notch filter)

• Measurement inside a rover/lander are
less prone to ambient light interference

• two-colour excitation instead of a heating
stage might be an alternative

• Additional power consumption is neces-
sary due to the heating stage

• cold ambient temperatures possibly lead
to weak anti-Stokes signals

• Heating stage would have to be imple-
mented into the rover/lander → requires
a collecting and transport mechanism of
the samples to the heating stage

• The (old) already analysed samples have
to be removed if other samples shall be
analysed → would require a mechanical
mechanism

→ Provided that sample heating is required, restriction of the scientific question to be
answered implying that, e.g. mineralogical and biological materials are meant to be
identified, can be expected → unsuitable for biological samples

→ Possibly less restrictions of the scientific question to be answered provided that two-colour
excitation is used
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SERDS

• Improves the interpretation of Raman
lines

• Has the potential to enable the identifi-
cation of a sample, which could not be
identified by conventional Raman spec-
troscopy

• Distinction between artefacts, ambient
light, broad- and narrowband lumines-
cence and Raman lines is possible

• Very good luminescence rejection

• Does not provide more information than
included already in the raw spectra

• Reconstruction algorithm is prone to er-
ror (can lead to artefacts in the recon-
structed Raman spectrum) → danger of
misinterpretation

• Requires manipulation of the raw data
(normalization, peak fitting, reconstruc-
tion algorithm, etc.), which is prone to
error

• Difference spectrum is susceptible to nor-
malization

• SERDS can be realized by two differ-
ent lasers with slightly shifted excitation
wavelengths or a tunable laser. In both
cases the additional weight should be rel-
atively small → this requires relatively
small setup modifications

• Samples can be directly measured on
the extraterrestrial surface → requires
no collecting and transport mechanism
of the samples

• Can be time-consuming (twice the actual
measurement time)

• Fiber coupling could be required, if two
different lasers are used for realizing
SERDS → the application of fibers re-
sults in a loss of laser power

• A tunable laser could require current
modulation or a temperature tuning de-
vice

• Additional power consumption

→ Does not require restrictions of the scientific question to be answered implying that, e.g.
mineralogical and biological materials are meant to be identified

TRRS

• Partly enables the identification of a
sample, which could not be identified by
conventional Raman spectroscopy (cw)

• Partly separates Raman signals from lu-
minescence (luminescence rejection)

• ICCD leads to Raman line broadening
• Spectral resolution decreases with pulse

width
• Technical limitation → gate width is still

not small enough to acquire a Raman
spectrum, which is completely free of lu-
minescence

• Samples can be directly measured on
the extraterrestrial surface → requires
no collecting and transport mechanism
of the samples

• Less prone to ambient light interference

• Long measurement time and high pulse
energies → higher power consumption

• Requires a stable system
• Requires relatively complex and, thus,

expensive instrumentation

→ Restriction of the scientific question to be answered implying that, e.g. mineralogical and
biological materials are meant to be identified → unsuitable when luminescence lifetime is
comparable to the excitation pulse duration

Table 12.1: Benefits and limitations regarding the applied measurement parameters and ob-
tained results using the Raman spectroscopic setups for luminescence suppression/rejection
examined in this study (yellow coloured cells). Benefits and limitations regarding potential Ra-
man setups for space-application (blue coloured cells). Green coloured cells answer the question
whether or not a limitation of the scientific question is required.
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12.2 Proposal for a Raman setup in outer space

If a Raman spectrometer shall operate in space, the future missions ExoMars and
Mars2020 can be used as template for a space hardware design. It should be noted
that the rovers are relatively large objects which offer more flexibility regarding the
size, weight, volume and, thus, costs of the payload. Of course, the available space
must be divided among various instruments.

The problem of luminescence in Raman spectra will most likely also be present on
extraterrestrial bodies. Hence, RLS as well as SuperCam and SHERLOC have vari-
ous approaches to solve this problem. The continuous excitation in the visible range
(532 nm) of the ExoMars rover is supported by a previously applied photobleaching ef-
fect to reduce luminescence [13]. As a consequence, potential existing organic material
will most likely be altered or, at worst, destroyed; see Chapter 8. However, SuperCam
relies on a pulsed excitation to avoid the detection of most of the photons resulting
from luminescence emission, whereas SHERLOC uses an excitation in the ultraviolet
range (248.6 nm) to preferably detect organic material in which luminescence emission
starts at higher wavelengths. As already discussed in the individual chapters of this
study and listed in Table 12.1, each of the three Raman spectroscopic techniques have
advantages and disadvantages, which shall not be repeated here.

Nevertheless, it should be explicitly pointed out that the scientific question to be an-
swered by such missions and the applied Raman setup are closely linked. In other words,
the main goal of the mission could either include the search for life or the identification
of various minerals. Apart from this drastic restriction, there is also the possibility
to measure both types of samples provided that a compromise regarding the quality
of the Raman spectra is made. This is due to the fact that for all missions the same
general restrictions apply. The payload (Raman setup) must have the smallest possible
size as well as the lowest possible volume and weight, so that the costs are ’affordable’.
Since these ’affordable’ costs still involve enormous sums, a (international) cooperation
of various institutions is a possibility to finance such projects.

The development of a mission is a process where numerous decisions have to be made
that influence each other. Some fundamental decisions are, for instance, the determi-
nation of the destination (e.g. Mars) and of the scientific question to be answered.
The latter is closely linked with the payload which has to be discussed and chosen.
Regarding the scientific question and based on current knowledge it would rather make
less sense to search for life on the Earth’s Moon than, for instance, on Mars or the
icy moons. Further decisions regarding the type of mission (rover or lander) and space
availability (size, volume, weight) on the rover/lander have to be made. The latter de-
fine the complexity of the instrument and, thus, the quality of the measurement data.
Hence, the performance of a setup operating in space will never be comparable to the
setup in a laboratory. Compromises on spectral resolution, laser power and measure-
ment time must be made. Readers are cautioned that such discussions on the payload
dimensions are in the millimeter and gram range.

Hence, it is conceivable that the most effective Raman spectroscopic technique for lu-
minescence suppression, namely the selection of excitation wavelengths (defined based
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on the results in this thesis), will probably not be realized in this form for an extrater-
restrial in-situ application due to its high complexity and, thus, high costs. As already
mentioned the entire setup has to be miniaturized. This concerns, for example, the
number of lasers. This might be achieved by using a single laser, whose frequency can
be shifted over a relatively large spectral range, instead of using many different lasers.
The same applies for the different spectrometers which have to be replaced by a consid-
erably smaller device capable of handling the Raman radiation over a large frequency
range. A reduced spectral resolution in certain spectral ranges could be a consequence.
Depending on the excitation range the CCD could be used as sole detector whereby
compromises regarding the sensitivity in the low (UV) and high (NIR) spectral range
must be made. Depending on the miniaturized design it has to be evaluated whether
or not the corresponding mission would allow the necessary measurement procedure.
More precisely, an enhanced power and time consumption ought to be scheduled, since
the measurement procedure starts with the least damaging excitation radiation (NIR).
Subsequently, other spectra of the more or less same measurement position (laser spot
diameter depends, among others, on the wavelength) are recorded using shorter exci-
tation wavelengths. As already shown in this study, not every recorded spectrum can
possibly be used for identification of the sample. Reasons for this are laser-induced
damage or luminescence interference. Nevertheless, the probability seems to be high
that at least one excitation wavelength leads to useable results; see Chapter 7. De-
pending on the payload it has to be decided whether or not an increased measurement
time and power consumption of Raman measurements allow for the operation of other
possibly available instruments. Furthermore, the combination of different excitation
wavelengths with the SERDS technique would significantly facilitate the interpretation
of the measured Raman spectra, see Chapter 10. Prior photobleaching is basically
possible for all Raman techniques, provided that no biological samples are investigated
and the overall design allows an increased power and time consumption.

Crucial for a design of a Raman setup is also whether or not it will be deployed on a
lander or rover. If a lander is chosen and if more than one measurement position shall
be analysed, a movable optical head emitting the excitation radiation and detecting the
scattering radiation has to be taken into account, for instance. This could be directed
towards different measurement positions. In case of a rover this is not absolutely
necessary since it can move from measurement spot to measurement spot on its own.
ExoMars solves this problem by transporting the sample into the rover where it is
carried via a rotating carrousel to different instruments. In contrast, both instruments
SuperCam and SHERLOC are mounted on a rover mast.

12.3 Similar approaches

The framework conditions of the payload define the required extent of miniaturization
and, therefore, how many and which luminescence suppressive Raman spectroscopic
techniques can be combined with each other. In this context, the suitability for space
of similar approaches such as coherent anti-Stokes Raman spectroscopy (CARS) or
technical developments of time- (TRRS) and wavelength- (SERDS) domain methods
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for luminescence suppression can be examined in future works.

Thus, for example, the CARS method detects the blue-shifted anti-Stokes radiation to
identify the sample, like the application of a notch filter (see Chapter 9). The difference
is that CARS requires a considerably more complex setup [374] than the setup in which
the notch filter simply replaces the edge filter. On the other hand, the heating stage
as well as the necessary energy for heating is obsolete.

A modification of the SERDS method is based on the concept of using more than two
shifts of the excitation wavelength to produce Raman spectra. This can also be realized
by multi-excitation Raman spectroscopy [375] using several different lasers or a single
tunable laser or by wavelength modulated Raman spectroscopy [350,376,377].

Until a few years ago the miniaturization of a setup capable of performing TRRS on,
e.g. solar system bodies was not considered in more detail. The main disadvantage of
this system is the relatively large dimension of the setup. However, especially in recent
years first steps have been made in miniaturizing this setup, which further increases
the viability of this technique on a space mission. For example, Blacksberg et al. [74]
proposed the potential of a miniaturized time-resolved Raman instrument including
a q-switched diode-pumped solid-state microchip laser (532 nm) and a single photon
avalanche diode array operating on a Mars rover arm for future planetary missions.
The Raman setup with a total mass of approximately 2.5 kg contains a SPAD and
two spectrometers covering a spectral range of 100 cm−1 − 4000 cm−1. Although the
gate width (1 ns) is significantly larger than the gate width used in this study (250 ps),
planetary analogue material could be measured successfully. However, the performance
of both setups to reject luminescence is limited by this factor and could be further
improved by reducing the gate width.

A not necessarily obvious method for space-application due to the need for sample
preparation is surface-enhanced Raman spectroscopy (SERS). Nevertheless, a com-
bined SERS µfluid system for future missions to the icy moons Europa or Enceladus is
suggested by Sobron et al. [378].

12.4 Influence of environmental conditions

Another important point which has to be considered when operating instruments in
outer space or on extraterrestrial bodies is the influence of the corresponding external
conditions on the instrument itself and on the measurement data. Such conditions com-
prise ambient light, cosmic radiation, atmospheric composition, temperature, pressure,
etc. Hence, this does not only require a certain robustness of the individual (optical)
components to vibrations during the starting and landing procedure but also to these
environmental conditions. A wavelength calibration of the setup before performing
measurements on an extraterrestrial body is also essential.

The following considerations clearly indicate that ground-based measurements under
simulated environmental conditions are essential to provide knowledge about the Ra-
man spectra expected on extraterrestrial bodies.
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Ambient light

Typically, measurements are performed in the daytime and, thus, under ambient light.
Depending on the surface structure this affects the measurements to different extents.
A diffuse scattering of light should not play a major role and cause only small enhance-
ments of the background signal in the Raman spectra. A direct reflection of light onto
the camera is rather unlikely to happen when natural samples are examined. Note that
measurements can also be performed in the shadow caused by, e.g. the rover (under
the rover) or rocks or in crevices. If no ambient light is available, for example, be-
cause measurements are performed at night, an active light source should be present to
acquire images of the measurement position that are important for context information.

Cosmic radiation

An important issue concerning measurements beyond Earth is the impact of cosmic
radiation on the recorded data and the hardware. Note that the radiation reaching
the Earth’s surface differs from the radiation reaching space experiments in Earth or-
bit or on other planets or moons. This is due to the Earth atmosphere’s absorption
ability and the Earth magnetic field protecting the surface and atmosphere against
high-energy charged particles [35]. Since Mars lacks a global magnetic field, the surface
is not sufficiently protected against these high-energy charged particles, for instance.

There are several studies investigating the influence of different kinds of radiation on
various materials. Weikusat et al. [36] used heavy ions such as 208Pb and 197Au to irradi-
ate natural gemstones, whereas Silletti et al. [37] investigated the effects of an increased
dose of neutron irradiation on calcite. Both studies found an increased luminescence
signal due to an increased amount of radiation-induced crystal lattice defects. Addition-
ally, Weikusat et al. state a decrease of Raman line intensities, linewidths broadening,
Raman shift changes and a reduced amount of the volatile contents. Meeßen et al. [64]
provide evidence that high doses of gamma irradiation (up to 113 kGy) damage the iso-
lated photobiont Trebouxia sp. of the lichen Circinaria gyrosa whereas it is preserved
when low doses (6− 12 kGy; during 14 days) are used.

There are several studies investigating the influence of radiation by exposing various
samples to the environmental conditions in the low-Earth orbit [62,63,65,66].

Atmospheric composition

As mentioned above the atmosphere can also influence the Raman measurements since
the different atmospheric molecules lead to absorption and scattering of the solar ra-
diation. On Earth the atmospheric composition results in certain absorption bands
caused by atomic oxygen (O), diatomic oxygen (O2), ozone (O3), diatomic hydrogen
(H2), water (H2O) and carbon dioxide (CO2). Of special interest is the highly energetic
radiation, in other words the short wavelengths in the ultraviolet range of approximately
200 nm − 290 nm, which easily damages living organisms. This dangerous radiation is
absorbed by oxygen and the ozone layer and, thus, just a minimal quantity reaches the
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Earth’s surface. However, on Mars this radiation has to be taken into account since
the abundance of oxygen is only 0.13 % and a significant ozone layer does not seem to
be present [379]. Dartnell et al. [380] showed that depending on the biological sam-
ples (Deinococcus radiodurans and the cyanobacterium Synechocystis sp.) the damage
caused by a Mars-like UV exposure is differently pronounced. He also mentioned an
enhanced UV protection when cells are embedded in minerals, which is confirmed by
Baqué et al. [11]. Baqué et al. showed that the Raman signal of cyanobacterial cells
mixed with Mars analogue material is still present after the irradiance in the ultravi-
olet range (200 nm − 400 nm) over a period which is expected to corresponds to the
irradiance of 383 sols on the Martian surface.

The presence of oxygen in the atmosphere can also cause oxidation processes leading
to phase transformations of minerals. For instance, this is observed for iron sulfides
containing one sulfur in their structural formula (e.g. troilite) [381]. The Raman spec-
troscopic investigation using an increased laser irradiation shows that such samples
react with the oxygen of ambient air and form new minerals such as hematite and
magnetite. Note, that these chemical reactions are suppressed when performing mea-
surements in vacuum or Mars-like atmospheric conditions. However, iron sulfides with
double sulfur are stable.

Temperature and Pressure

Meanwhile it is well-known that low and high temperatures and pressures can sig-
nificantly influence the shape of a Raman spectrum. Of course, the impact of these
effects is differently pronounced depending on the examined sample. A cold (hot) en-
vironment, for example, can lead to significant changes in the Raman line position and
to Raman linewidth narrowing (broadening) [382]. Furthermore especially in minerals,
phase transitions have to be taken into account [382,383]. Low (e.g. vacuum, Mars) as
well as high (e.g. Venus [383]) pressures seem to have a minor effect on the positions
of the Raman lines and, thus, are more relevant for the resistance of the instruments
and the rover’s/lander’s material. Temperature endurance and stability are important
for a smooth operation of instruments.
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Conclusions

The potential of Raman spectroscopy for the in-situ investigation of the chemical com-
position of extraterrestrial surfaces has been evaluated in various studies. This is em-
phasized by the future space-missions Mars 2020 and ExoMars 2020 with a Raman
spectrometer onboard. The task of both missions includes the mineralogical charac-
terization of the surface and subsurface material of Mars and the search for extent or
extinct extraterrestrial life. However, one of the greatest difficulties in Raman spec-
troscopy is the interpretation of Raman spectra of luminescent material because lumi-
nescence can totally obscure the Raman signals needed for sample identification. This
problem might be even more severe when Raman measurements are performed in space
and the material is not protected against high-energy charged particles due to the lack
of an atmosphere and a magnetic field.

In order to solve the problem of unwanted luminescence contributions in Raman spec-
troscopy, five different Raman spectroscopic approaches were analysed in this thesis.
For this purpose, the same sample set consisting of complex organic (Xanthoria ele-
gans, Buellia frigida, the green alga of Circinaria gyrosa and Agar) and mineralogical
(Mars and Moon analogue mixtures) samples relevant for space were analysed with
each of these five methods. The different Raman setups were made available by four
different institutes. These institutes include the German Aerospace Center (DLR) and
the Leibniz Institut für Kristallzüchtung (IKZ) in Berlin Adlershof, the WITec com-
pany’s headquarters in Ulm and the Vrije Univerisiteit Amsterdam (LaserLaB, Faculty
of Science). Since the use of different setups and samples requires different adjustable
measurement parameters a direct comparison of each technique is difficult. Never-
theless, the advantages and disadvantages of each technique are investigated in detail
and a recommendation for the analysis of each individual sample as well as for space-
application is provided.

In this context, the first approach includes the investigation of the potential of different
excitation wavelengths (325 nm, 532 nm, 785 nm and 1064 nm) to suppress luminescence
by means of three different Raman setups. The measurement results emphasize that
there is no single excitation wavelength that simultaneously provides luminescence-
free Raman spectra of biological and mineralogical samples. It is even difficult to make
such a statement regarding these two categories. Nevertheless, in general the excitation
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in the long wavelength range (1064 nm) provides in most biological cases good Raman
spectra with endurable luminescence contributions still usable for sample identification.
Minerals should best be investigated using shorter wavelengths such as 325 nm, 532 nm
or 785 nm. Note, that Raman spectra measured at 1064 nm could contain additional
features resulting from thermal radiation or water absorption.

The photobleaching effect was investigated by exposing the samples to continuous laser
radiation (532 nm) for 1 min and 15 min. Furthermore, the effect of three different
atmospheric compositions (ambient air, CO2 dominant atmosphere and vacuum) on
the photobleaching process was analysed. Although in most cases this technique is
appropriate for luminescence suppression, this does not imply that photobleaching is
suitable to improve the Raman spectrum’s quality and, thus, facilitate sample identifi-
cation. This is because a prolonged irradiation of the sample might also lead to sample
degradation. As a result, the luminescence is partly eliminated and the Raman-active
molecules are destroyed. Hence, the SNRs of the Raman signals before and after pho-
tobleaching are determined to evaluate the potential of this technique. As a result,
biological samples should be examined using short integration times because of sam-
ple degradation, whereas a prolonged irradiation is advantageous for Agar and the
mineralogical mixtures.

The third investigated method for luminescence rejection is anti-Stokes Raman spec-
troscopy. Here, a notch filter is used to measure the Stokes as well as anti-Stokes
spectral range. A heating stage (293 K − 473 K) should provide the necessary pop-
ulation inversion. This implies that thermal degradation, especially of the biological
sample, is an important issue that has to be taken into account. Indeed the correspond-
ing anti-Stokes spectra of the biological but also of the mineralogical samples are not
appropriate for sample identification due to no or hardly resolved anti-Stokes signals.
Despite these results, other features such as temperature-induced effects, the appear-
ance of luminescence in the anti-Stokes range and resonance effects are investigated.

SERDS is a promising approach for the handling of unwanted luminescence in Raman
spectroscopy which is, due to the application of various algorithms for background sub-
traction and Raman spectra reconstruction, quite different from the other techniques
analysed in this thesis. Note that data analysis is performed by means of the difference
spectrum. The reconstruction of the ’classical’ form of the Raman spectrum is not pur-
sued in this study. Experimentally, SERDS is realized by the implementation of two
different lasers with slightly shifted excitation wavelengths at approximately 532 nm.
One of the greatest strength is the elimination of non-wavelength dependent contri-
bution such as ambient light, broad- and narrowband luminescence and fixed pattern
’noise’ from the Raman spectra. This and the more reliable interpretation of Raman
signals emphasize the potential of this technique to analyse luminescent biological and
mineralogical samples. Nevertheless, it should be noted that raw Raman spectra with-
out any Raman signals (e.g. Xanthoria elegans) will also not show any Raman signals
in the corresponding difference spectrum.

The fifth approach examined in this thesis is time-resolved Raman spectroscopy. The
measurements were performed with 3 ps pulses (440 nm) at a repetition rate of 76 MHz
and a detector gate width of approximately 250 ps. Data analysis clearly shows that the
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time-resolved investigation of these seven complex samples is only partly successful. In
order to evaluate the potential of this technique, gated and non-gated Raman spectra
are compared. For this purpose the SNRs of the Raman spectra measured in both modes
are calculated. By means of these values it can be stated that this method only shows
better results in some cases than in continuous wave excitation. This is due to the fact
that the ’long’ gate width does not completely reject the luminescence contributions in
the Raman spectra. In summary, TRRS is only in some cases appropriate to investigate
the biological as well as mineralogical samples in this study.

In the context of a future space-application a promising Raman spectroscopic tech-
nique for successfully suppress luminescence while measuring biological and mineralog-
ical samples is the application of various laser excitation wavelengths. Considering the
future space-missions ExoMars and Mars 2020 with a Raman spectrometer onboard
this approach is not yet implemented. Possible reasons are a relatively large setup size,
long measurement times and high power consumption. In contrast to the work in the
laboratory, available space is limited in space-missions. Hence, the miniaturization of
the Raman setup is a necessary condition. Furthermore, the environmental conditions
on extraterrestrial bodies such as ambient light, cosmic radiation, atmospheric com-
position, temperature and pressure and their influences on the Raman setup and the
Raman spectra have to be taken into account when developing a compact and light-
weighted setup. This process of developing an instrument or a whole space-mission
requires a lot of time, money and manpower and, thus, is a task which is probably
realized by an international cooperation of various institutions.

Outlook

In order to improve the comparability of the results measured with different Raman
setups, future works could focus on the integration of more than one of these or other
Raman spectroscopic techniques for luminescence suppression in a single setup. This
implies, as far as reasonable, the use of only one detector (e.g. CCD). Although this
approach would also have the advantage that with this single setup mostly the same
measurement position on the samples could be measured, sample degradation has to
be taken into account due to repeated measurements. The latter, in turn, is another
reason why the potential of each Raman spectroscopic technique to suppress lumines-
cence would be difficult to evaluate since the initial conditions (luminescence intensity)
would be different. Hence, the direct comparison of the different techniques would be
complicated.

Apart from the development of a single setup, there are other tasks that might be of
interest regarding each single Raman technique considered in this thesis:

1. Improving the performance of the Raman technique by changing technological
aspects.

2. Performing additional measurements to receive information that facilitate the
interpretation of the measurement results.

3. Developing algorithms that facilitate the interpretation of the measurement re-
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sults.

In detail, in the case of the method ’selection of different excitation wavelengths’ a
future task could include that the Raman setup contains a great variety of different
objectives ensuring the same laser spot diameter on the sample for different excitation
wavelengths. This allows for a better comparability of the different measurements,
provided that not every excitation wavelength needs a prior calibration procedure or
any setup modifications. Hence, Raman measurements could be performed by using
different excitation wavelengths and without moving the sample.

The result of the photobleaching method could be supplemented by long-term mea-
surements which might, especially in the case of the analysis of mineralogical samples,
enhance the effectivity of this method. Another approach would be the investigation of
the photobleaching efficiency by using different excitation sources (different excitation
wavelengths). This would be of interest if the excitation of a future space-mission with
a Raman setup onboard will differ from 532 nm (e.g. SHERLOC).

Since the application of a notch filter and a heating stage performing anti-Stokes mea-
surements does not lead to satisfying results, another approach might be of interest.
For instance, instead of achieving population inversion by heating the sample, an opti-
cal pumping due to microwaves could be investigated. This might prevent the thermal
degradation of the samples, whereby biological samples are more affected than minerals.

The Raman spectra obtained with the SERDS technique might be improved by using a
tunable or wavelength-modulated laser source or multi-excitation providing more than
two slightly shifted excitation wavelengths. The application of an algorithm for recon-
structing the ‘classical’ form of a Raman spectrum will emphasize the real potential
of this method by showing the improvement of the SNRs of the reconstructed spectra
compared to the SNRs of the raw Raman spectra.

The comparison of the results of TRRS and of the other Raman spectroscopic tech-
niques used in this study could be facilitated by the application of a pulsed excitation at
532 nm which was not possible due to unavailable facility. Furthermore, the efficiency
of luminescence rejection is limited by technical issues, more precisely, the gate widths
of the detector. Hence, a future task could include shortening this gate widths.

Although the examination of an increased sample set is very time consuming, it might
contribute to make general statements regarding the potential of each Raman technique
for luminescence suppression in biological and mineralogical samples.
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Appendix

Elements abundances [ppm] altitude [km]
CO2

[107] 96.5 Vol% [107] -
N2

[107] 3.5 Vol% [107] -
He [107] 12 [107] -
Ne [107] 7 [107] -
Ar [107] 70 [107] -
Kr [107] 0.2 [107] -

OCS [107, 108] 14 [107], 0.35 [107, 108] 30 [107], 38 [107, 108]

SO [107] 0.012 [107] 69 [107]

CO [107, 108] 23 − 29 [107, 108] 30 − 40 [107, 108]

H2O [107] 20 − 45 [107, 108] 10 − 50 [107], 0 − 30 [108]

30 [108] 0 − 45 [108]

20 − 40 [108] 10 − 20 [108]

50 − 70 [108] <5 [108]

H2SO4
[107] 0.1 − 10 [107] 35 − 50 [107]

3 − 14 [107, 108] 41 − 48 [107, 108]

SO2
[107] 110 − 130 [107] 35 − 52 [107]

130 [107, 108] 35 − 45 [107, 108]

20 − 56 [107, 108] 12 − 32 [107, 108]

22 − 38 [107] 12 − 22 [107]

HF (Halides) [107, 108] 0.005 [107, 108] 30 − 40 [107, 108]

HCl
(Halides) [107, 108]

0.5 [107, 108] 15 − 30 [107, 108]

S2
[108] 0.02 [108] <12 − 14 [108]

H2S [108] 3 [108] <20 [108]

Table 14.1: Abundances and altitudes of the Venus atmosphere’s constituents.
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Elements daytime nighttime
20Ne ∼ 4 · 103 − 104 105

He ∼ 8 · 102 − 4.7 · 103 4 − 7 · 104

H2 ∼ 2.5 − 9.9 · 103 104 − 1.5 · 105

40Ar ∼ 2 · 103 to <102

CH4 ∼ 1.2 · 103 -
CO2 ∼103 -
NH3 ∼ 4 · 102 -

OH + H2O ∼0.5 -

Table 14.2: Abundances (molecules/cm3) of the lunar atmosphere’s constituents. The table
is adapted from [126].

Figure 14.1: Time-dependent normalized luminescence intensities in the region of interest of
different measurement positions on the sample. Measurements were performed in ambient air
(left), CO2 dominant atmosphere (middle) and vacuum (right). The red line represents the
average of the summed intensities with corresponding confidence intervals (95 %) illustrated as
coloured background.

216



Raman Shift [cm−1] 298 K 323 K 348 K 373 K 398 K 423 K 448 K 473 K
361 11 18 10 12 11 8 8 6
465 12 22 11 12 11 9 7 9
568 7 10 - 4 5 5 3 6
745 25 27 14 21 13 13 14 10
849 41 45 21 31 22 18 20 14
897 26 37 17 19 16 10 13 9
974 10 22 5 - - - - -
1084 40 63 25 35 29 19 19 18
1475 11 18 9 15 10 9 10 7
361 12 11 7 4 6 9 8 6
465 14 11 8 5 9 9 8 10
568 8 8 5 2 3 4 4 6
745 21 18 13 5 7 9 9 9
849 24 23 17 8 12 14 13 12
897 17 18 11 3 9 8 9 9
974 - - - - - - - -
1084 32 26 19 10 14 16 17 15
1475 20 9 7 6 8 9 6 8

Table 14.3: Raman Shifts (Stokes) and corresponding line intensities [CCD counts] of Agar
measured at different temperatures and two different measurement positions.

Raman Shift [cm−1] 298 K 323 K 348 K 373 K 398 K 423 K 448 K 473 K
-1000 - - 5 - - 5 7 7
-627 - - - - - 5 5 6
-490 4 5 4 - - 5 5 5
-416 - 4 3 - - 6 5 6
-103 - - - - - - - 5
-84 - 8 7 - - - - -
97 - 10 9 - - - - -
120 - - - - - - - -
134 6 11 7 - - - - -
186 8 12 8 - - - - -
301 6 9 9 5 - - - -
420 9 14 11 - 9 13 7 16
501 33 50 37 4 9 26 23 30
626 11 14 11 5 13 26 21 28
675 6 5 5 4 9 12 8 14
1012 193 284 220 - - - - -
1029 - - - - 68 131 117 151
1143 17 19 16 19 11 16 13 18
1176 - - - - - 17 12 19

Table 14.4: Raman Shifts (Stokes and anti-Stokes) and corresponding line intensities [CCD
counts] of the first sample position on S-MRS measured at different temperatures.
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Raman Shift [cm−1] 298 K 323 K 348 K 373 K 398 K 423 K 448 K 473 K
-1000 - - - - 3 4 4 -
-657 3 - - 4 7 10 7 -
-376 - - - 5 6 8 - -
-361 - - - - 11 - 6 -
-317 4 4 4 6 6 10 7 -
-175 - - - - - - 6 5
-136 4 - - 6 8 8 7 -
144 8 6 - 9 19 16 10 -
186 6 5 4 - - 10 11 11
255 - 5 4 - - - - -
324 13 11 11 15 22 24 14 5
365 8 - - 12 16 15 9 -
388 12 12 12 19 26 26 14 4
666 20 19 18 26 43 50 27 12
714 - 5 - - - - - 10
1012 20 18 20 25 39 49 28 12
-273 6 7 6 7 4 4 5 -
-263 - - - - - - - 5
-209 5 6 6 6 4 5 5 4
-161 - - - - 4 5 5 -
170 - - - - 8 3 5 -
218 9 8 6 7 5 5 6 5
283 11 10 8 9 8 7 9 6
397 5 5 3 4 3 3 4 -
479 - - - - 13 6 9 -
595 3 4 3 4 5 4 - -

Table 14.5: SNRs of Stokes and anti-Stokes lines of two different sample positions on the LRS
pellet measured at different temperatures.
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Sample Raman Shift [cm−1] FWHM [cm−1]
Agar 2956 129

1375 131Buellia frigida 1611 107
972 15
1017 20
1168 21
1198 45

Green alga of Circinaria gyrosa

1533 23
226 11
247 11
296 18
398 34
414 20
497 19
617 27
673 25
827 59
1011 12
1137 18
139 71
3410 55

S-MRS (1. spot)

3500 44
131 13
232 15
387 16
475 16
622 14
692 19
825 18
856 18
934 30
1013 15
1093 31
1318 79
3664 22
3691 12

S-MRS (2. spot)

3710 9
227 16
244 16
305 16
326 20
421 22
435 19
547 12
589 17
609 21
827 17
859 17
882 19
922 13
967 18
1014 21
1336 69

S-MRS (3. spot)

1585 138
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Sample Raman Shift [cm−1] FWHM [cm−1]
141 35
190 12
425 12
490 9
627 19
682 12
834 20
863 20
1020 11
1148 19
3421 42

S-MRS (4. spot)

3503 39
185 25
288 24
519 79
734 26
1090 16

P-MRS (1. spot)

1730 18
130 14
208 30
266 15
296 15
412 28
468 15
510 32

P-MRS (2. spot)

1324 64
147 18
1347 99P-MRS (3. spot)
1601 58
174 32
203 28
288 27
410 24
482 22
511 20

LRS

766 114

Table 14.6: The FWHM of the Raman lines in the raw Raman spectra.
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Figure 14.2: Raman spectrum of neon light.

Raman Shift [cm−1]
236 (w)
327 (m)
392 (w)
484 (s)
533 (w)

1466 (m)
1528 (m)
1569 (m)
1772 (m)
1938 (w)
2124 (w)
2439 (s)
2950 (m)
3425 (w)

Table 14.7: Raman Shifts of neon light.
w: weak, m: medium, s: strong.

Raman Shift [cm−1] SNR raw spectrum SNR difference spectrum
130 (m) 18 73
208 (m) 22 60
266 (w) 7 20
296 (w) 5 17
412 (w) 7 18
468 (s) 85 292

510 (sh) 7 12
611 (vw) 2 8
703 (vw) 2 8
799 (vw) 2 7
1164 (vw) 1 8
1324 (m) 17 20

Table 14.8: The SNRs of the Raman lines in the raw Raman spectrum and the difference
spectrum of PMRS (spot 2). The blue values represent those Raman lines that are not visible
in the raw Raman spectrum (SNR < 3) but in the difference spectrum. vw: very weak, w:
weak, m: medium, s: strong, sh: shoulder.
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Figure 14.3: Normalized Raman spectra of Buellia frigida (amorphous carbon). The green
spectrum corresponds to the difference spectrum revealing wavelength-dependent features in
the form of a derivative-like signal.

Table 14.9: Comparison of the gated and non-gated SNRs of four Raman lines of the green
alga of Circinaria gyrosa. A value of 3 is the minimum value for identification. Green coloured
cells correspond to a good SNR

222



Table 14.10: Comparison of the gated and non-gated SNRs of four Raman lines of the S-MRS.
A value of 3 is the minimum value for identification. Green coloured cells correspond to a good
SNR

Table 14.11: Comparison of the gated and non-gated SNRs of four Raman lines of the P-MRS.
A value of 3 is the minimum value for identification. Green coloured cells correspond to a good
SNR. ?: unidentified.
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[186] D. M. M. Estêvão. Production of UV-B screens and changes in photosynthetic
efficiency in Antarctic Nostoc commune colonies and a lichen Xanthoria elegans
depend on a dose and duration of UV-B stress. Czech Polar Reports, 5(1):55–68,
2015.

[187] C.S. Cockell and J. Knowland. Ultraviolet radiation screening compounds. Bio-
logical Reviews, 74:311–345, 1999.

242



BIBLIOGRAPHY

[188] K.-H. Nguyen, M. Chollet-Krugler, N. Gouault, and S. Tomasi. UV-protectant
metabolites from lichens and their symbiotic partners. Natural Product Reports,
30:1490–1508, 2013.

[189] H. G. M. Edwards, J. M. Holder, and D. D. Wynn-williams. Comparative FT-
Raman spectroscopy of Xanthoria lichen-substratum systems from temperate and
Antarctic habitats. Soil Biology and Biochemistry, 30(14):1947–1953, 1998.

[190] H. G. M. Edwards. Raman Spectroscopic Protocol for the Molecular Recognition
of Key Biomarkers in Astrobiological Exploration. Origins of Life and Evolution
of the Biosphere: the Journal of the International Society for the Study of the
Origin of Life, 34:3–11, 2004.

[191] L. Nybakken, K. A. Solhaug, W. Bilger, and Y. Gauslaa. The lichens Xanthoria
elegans and Cetraria islandica maintain a high protection against UV-B radiation
in Arctic habitats. Oecologia, 140(2):211–216, 2004.

[192] J. A. Nienow and M. A. Meyer. Biologically relevant physical measurements
in the ice-free valleys of southern Victoria Land: soil temperature profiles and
ultraviolet radiation. Antarctic Journal of the United States, 21(4):222–224, 1986.

[193] G. Fabriciova, E. Tobar, M. V. Cañamares, M. Backor, and S. Sanchez-Cortes.
Adsorption of the anthraquinone drug parietin on silver nanoparticles: A SERS
and fluorescence study. Vibrational Spectroscopy, 63:477–484, 2012.

[194] H. G. M. Edwards, E. M. Newton, D. D. Wynn-Williams, and S. R. Coombes.
Molecular spectroscopic studies of lichen substances 1: parietin and emodin. Jour-
nal of Molecular Structure, 648:49–59, 2003.

[195] H. G. M. Edwards, E. M. Newton, D. D. Wynn-Williams, and R. Lewis-Smith.
Non-destructive analysis of pigments and other organic compounds in lichens us-
ing Fourier-transform Raman spectroscopy: A study of Antarctic epilithic lichens.
Spectrochimica Acta. Part A, Molecular and Biomolecular Spectroscopy, 59:2301–
2309, 2003.

[196] P. M. Martin-Sanchez, S. Sanchez-Cortes, E. Lopez-Tobar, V. Jurado, F. Bastian,
C. Alabouvette, and C. Saiz-Jimenez. The nature of black stains in Lascaux Cave,
France, as revealed by surface-enhanced Raman spectroscopy. Journal of Raman
Spectroscopy, 43(3):464–467, 2012.

[197] I. Galván, A. Jorge, K. Ito, K. Tabuchi, F. Solano, and K. Wakamatsu. Raman
spectroscopy as a non-invasive technique for the quantification of melanins in
feathers and hairs. Pigment Cell & Melanoma Research, 26(6):917–923, 2013.

[198] Z. Huang, H. Lui, X. K. Chen, A. Alajlan, D. I. McLean, and H. Zeng. Ra-
man spectroscopy of in vivo cutaneous melanin. Journal of Biomedical Optics,
9(6):1198–1205, 2004.

[199] G. Perna, M. Lasalvia, C. Gallo, G. Quartucci, and V. Capozzi. Vibrational Char-
acterization of Synthetic Eumelanin by Means of Raman and Surface Enhanced
Raman Scattering. The Open Surface Science Journal, 5:1–8, 2013.

243



BIBLIOGRAPHY

[200] V. Capozzi, G. Perna, A. Gallone, P. F. Biagi, P. Carmone, A. Fratello, G. Guida,
P. Zanna, and R. Cicero. Raman and optical spectroscopy of eumelanin films.
Journal of Molecular Structure, 744–747:717–721, 2005.

[201] A. Samokhvalov, Y. Liu, and J. D. Simon. Characterization of the Fe(III)-binding
Site in Sepia Eumelanin by Resonance Raman Confocal Microspectroscopy. Pho-
tochemistry and Photobiology, 80(1):84–88, 2004.

[202] I. Galván and A. Jorge. Dispersive Raman spectroscopy allows the identification
and quantification of melanin types. Ecology and Evolution, 5(7):1425–1431, 2015.

[203] U. Böttger, J. Meeßen, J. Martinez-Frias, H.-W. Hübers, F. Rull, F. Sánchez,
R. Noetzel, and J.-P. de Vera. Raman spectroscopic analysis of the calcium
oxalate producing extremotolerant lichen Circinaria gyrosa. International Journal
of Astrobiology, 13(1):19–27, 2014.

[204] Merlin J. C. Resonance Raman spectroscopy of carotenoids and carotenoid-
containing systems. Pure and Applied Chemistry, 57(5):785–792, 1985.

[205] D. Gill, R. G. Kilponen, and L. Rimai. Resonance Raman Scattering of Laser
Radiation by Vibrational Modes of Carotenoid Pigment Molecules in Intact Plant
Tissues. Nature, 227(5259):743–744, 1970.

[206] J. Jehlička, H. G. M. Edwards, K. Osterrothová, J. Novotná, L. Nedbalová,
J. Kopecký, I. Němec, and A. Oren. Potential and limits of Raman spectroscopy
for carotenoid detection in microorganisms: implications for astrobiology. Philo-
sophical Transactions of the Royal Society A, 372(2030):1–17, 2014.

[207] J. Toussaint, S. Dochow, I. Latka, A. Lukic, T. May, H. G. Meyer, K. Il’in,
M. Siegel, and J. Popp. Proof of concept of fiber dispersed Raman spec-
troscopy using superconducting nanowire single-photon detectors. Optics Express,
23(4):5078–5090, 2015.

[208] G. I. Petrov, V. V. Yakovlev, and V. I. Shcheslavskiy. Raman spectroscopy
without spectrometer. CLEO:2011 - Laser Applications to Photonic Applications,
(PDPB6), 2011.

[209] D. Bronzi, F. Villa, S. Bellisai, B. Markovic, S. Tisa, A. Tosi, F. Zappa, S. Wey-
ers, D. Durini, W. Brockherde, and U. Paschen. Low-noise and large-area CMOS
SPADs with timing response free from slow tails. 2012 Proceedings of the Euro-
pean Solid-State Device Research Conference (ESSDERC), pages 230–233, 2012.

[210] W. Brockherde. CMOS SPADs for LIDAR Applications.
https://www.ait.ac.at/fileadmin/mc/digital_safety_security/downloads/1040_
BROCKHERDE_CMOS-SPADs-for-LiDAR-Applications.pdf, (last update 9
November 2016), as consulted online on 3 December 2018.

[211] J. Kilmer, A. Iadevaia, and Y. Yin. Laser sources for Raman spectroscopy.
Proceedings of SPIE, 8039:1–11, 2011.

244



BIBLIOGRAPHY

[212] H. Haken and H. C. Wolf. Molekülphysik und Quantenchemie – Einführung in
die experimentellen und theoretischen Grundlagen. 5. Edition, Springer-Verlag
Berlin Heidelberg, 2006.

[213] D. A. Long. The Raman Effect: A Unified Treatment of the Theory of Raman
Scattering by Molecules. John Wiley & Sons Ltd, Baffins Lane, Chichester, West
Sussex PO19 1UD, England, 2002.

[214] B. Herman, V. E. C. Frohlich, J. R. Lakowics, D. B. Murphy, K. R. Spring,
and M. W. Davidson. Basic Concepts in Fluorescence. https://www.olympus-
lifescience.com/en/microscope-resource/primer/techniques/fluorescence/fluores-
cenceintro/, as consulted online on 7 December 2018.

[215] M. Klessinger and J. Michl. Chapter 5: Excited states and photochemistry of
organic molecules. In Photophysical Processes, pages 243–308. VHC Publishers,
1995.

[216] H. G. O. Becker. Einführung in die Photochemie. Deutscher Verlag der Wis-
senschaften GmbH, Berlin, 1991.

[217] H. Hillmer and J. Salbeck. Chapter 8: Materialien der Optoelektronik - Grundla-
gen und Anwendungen. In B. Schaefer, editor, Lehrbuch der Experimentalphysik.
6. Band, Walter de Gruyter GmbH & Co.KG, Berlin, 2005.

[218] W. Demtröder. Molekülphysik - Theoretische Grundlagen und experimentelle
Methoden. 2. Edition, Oldenbourg Verlag, 2013.

[219] L. Marcu, P. M. W. French, and D. S. Elson. Fluorescence Lifetime Spectroscopy
and Imaging: Principles and Applications in Biomedical Diagnostics. Taylor &
Francis Group, LLC, 2015.

[220] J. R. Lakowicz. Principle of Fluorescence Spectroscopy. Springer Sci-
ence+Business Media, LLC, New York, 2006.

[221] G. Peschel. Carbon-Carbon bonds: Hybridization. http://www.physik.fu-
berlin.de/einrichtungen/ag/ag-reich/lehre/Archiv/ss2011/docs/Gina_Peschel-
Handout.pdf, (last update 5 May 2011), as consulted online on 29 June
2018.

[222] P. Suppan. Chemistry and Light. The Royal Society of Chemistry, Cambridge,
1994.

[223] OCHemPal. Hybridization. http://www.ochempal.org/index.php/alphabetical/g-
h/hybridization/, as consulted online on 29 November 2018.

[224] M. Sauer and J. Hofkens, J.and Enderlein. Handbook of Fluorescence Spectroscopy
and Imaging: From Single Molecules to Ensembles. WILEY-VCH Verlag & Co.
KGaA, Weinheim, Germany, 2011.

[225] G. M. Badger. Aromatic character and aromaticity. Cambridge University Press,
1969.

245



BIBLIOGRAPHY

[226] James. Introduction to UV-Vis Spectroscopy.
https://www.masterorganicchemistry.com/2016/09/16/introduction-to-uv-
vis-spectroscopy/, as consulted online on 29 November 2018.

[227] H. Kuhn. A Quantum-Mechanical Theory of Light Absorption of Organic Dyes
and Similar Compounds. The Journal of Chemical Physics, 17:1198–1212, 1949.

[228] V. M. Goldschmidt. Die Gesetze der Krystallochemie. Naturwissenschaften,
14(21):477–485, 1926.

[229] K. E. Sickafus, E. A. Kotomin, and B. P. Uberuaga. Radiation Effects in Solids,
Band 235 by Nato Science Series II. Springer Science & Business Media, 2007.

[230] J. F. de Sousa Filho, P. C.and Lima and O. A. Serra. From Lighting to Photo-
protection: Fundamentals and Applications of Rare Earth Materials. Journal of
the Brazilian Chemical Society, 26(12):2471–2495, 2015.

[231] D. F. Barnes. Infrared Luminescence of Minerals. United States Government
Printing Office, Washington, 1958.

[232] C. Lenz, D. Talla, K. Ruschel, R. Škoda, J. Götze, and L. Nasdala. Factors Af-
fecting the Nd3+ (REE3+) Luminescence of Minerals. Mineralogy and Petrology,
107:415–428, 2013.

[233] A. Predojevic and M. W. Mitchell. Engineering the Atom-Photon Interaction:
Controlling Fundamental Processes with Photons, Atoms and Solids. Springer,
2015.

[234] C. Lenz, L. Nasdala, D. Talla, C. Hauzenberger, R. Seitz, and U. Kolitsch. Laser-
Induced REE3+ Photoluminescence of Selected Accessory Minerals – An “Ad-
vantageous Artefact” in Raman Spectroscopy. Chemical Geology, 415:1–16, 2015.

[235] R. Aroca. Surface-Enhanced Virbational Spectroscopy. John Wiley & Sons Ltd,
2007.

[236] B. Schrader. Raman spectroscopy in the near infrared - A most capable method
of vibrational spectroscopy. Analytical and Bioanalytical Chemistry, 355:233–239,
1996.

[237] B. Schrader. Infrared and Raman spectroscopy - Methods and applications. VCH
Verlagsgesellschaft, Weinheim, 1995.

[238] D. Bougeard, K. S. Smirnov, and E. Geidel. Vibrational Spectra and Structure
of Kaolinite: A Computer Simulation Study. Journal of Physical Chemistry,
104(39):9210–9217, 2000.

[239] O. Hollricher and W. Ibach. Chapter 1: High-Resolution Optical and Confocal
Microscopy. In T. Dieing, O. Hollricher, and J. Toporski, editors, Confocal Raman
Microscopy, pages 1–20. Springer Series in Optical Sciences, 2010.

246



BIBLIOGRAPHY

[240] D. L. Dexter. A Theory of Sensitized Luminescence in Solids. The Journal of
Chemical Physics, 21(5):836–850, 1953.

[241] M. Berezin and S. Achilefu. Fluorescence Lifetime Measurements and Biological
Imaging. Chemical Reviews, 110:2641–2684, 2010.

[242] T. Förster. Zwischenmolekulare Energiewanderung und Fluoreszenz. Annalen
der Physik, 437:55–75, 1948.

[243] Th. Förster. 10th spiers memorial lecture. transfer mechanisms of electronic
excitation. Discussions of the Faraday Society, 27:7–17, 1959.

[244] S. P. McGlynn, R. Sunseri, and N. Christodouleas. External Heavy-Atom Spin-
Orbital Coupling Effect. I. The Nature of the Interaction. The Journal of Chem-
ical Physics, 37(8):1818–1824, 1962.

[245] M. Kasha. Collisional Perturbation of Spin-Orbital Coupling and the Mechanism
of Fluorescence Quenching. A Visual Demonstration of the Perturbation. The
Journal of Chemical Physics, 20(1):71–74, 1952.

[246] J. M. C. Martinho. Heavy-Atom Quenching of Monomer and Excimer Pyrene
Fluorescence. Journal of Physical Chemistry, 93:6687–6692, 1989.

[247] F. H. Quina. Chapter 1: Photophysical Concepts in Condensed Media. In
W. Adam and G. Cilento, editors, Chemical and Biological Generation of excited
states, pages 1–36. Academic Press New York, 1982.

[248] B. B. Purdy and R. J. Hurtubise. Changes in the Photophysical Properties with
Heavy Atoms and the Effects of Modulus for 4-Phenylphenol in Solid-Matrix
Luminescence. Applied Spectroscopy, 46:988–993, 1992.

[249] WIKIPEDIA. Flechte. https://de.wikipedia.org/wiki/Flechte, (last update 24
August 2017), as consulted online on 18 September 2017.

[250] Ø vstedal D. O. and Lewis Smith R. I. Lichens of Antarctica and South Georgia. A
guide to their identification and ecology. Cambridge University Press, Cambridge,
2001.

[251] F. J. Sanchez, E. Mateo-Marti, J. Raggio, J. Meeßen, J. Martinez-Frias, L. G.
Sancho, S. Ott, and R. de la Torre. The resistance of the lichen Circinaria gyrosa
(nom. provis.) towards simulated Mars conditions a model test for the survival
capacity of an eukaryotic extremophile. Planetary and Space Science, 72(1):102–
110, 2012.

[252] R. Armisen and F. Galatas. Chapter 1: Production, Properties and Uses of Agar.
In D. J. McHugh, editor, Production and Utilization of Products from Commercial
Seaweeds, pages 1–57, 1987.

[253] H. Y. J. McSween. What we have learned about Mars from SNC meteorites.
Meteoritics, 29:757–779, 1994.

247



BIBLIOGRAPHY

[254] J. P. Bibring, Y. Langevin, A. Gendrin, B. Gondet, F. Poulet, M. Berthé, A. Souf-
flot, R. Arvidson, N. Mangold, J. Mustard, P. Drossart, OMEGA Team, S. Er-
ard, O. Forni, M. Combes, T. Encrenaz, T. Fouchet, R. Merchiorri, G. Belluci,
F. Altieri, V. Formisano, G. Bonello, F. Capaccioni, P. Cerroni, A. Coradini,
S. Fonti, V. Kottsov, N. Ignatiev, V. Moroz, D. Titov, L. Zasova, M. Mangold,
P. Pinet, S. Douté, B. Schmitt, C. Sotin, E. Hauber, H. Hoffmann, R. Jaumann,
U. Keller, T. Duxbury, and F. Forget. Mars Surface Diversity as Revealed by the
OMEGA/Mars Express Observations. Science, 307:1576–1581, 2005.

[255] V. Chevrier and P. E. Mathé. Mineralogy and evolution of the surface of Mars:
A review. Planetary and Space Science, 55:289–314, 2007.

[256] R. V. Morris, S. W. Ruff, R. Gellert, D. W. Ming, R. E. Arvidson, B. C. Clark,
D. C. Golden, K. Siebach, G. Klingelhöfer, C. Schröder, I. Fleischer, A. S. Yen,
and S. W. Squyres. Identification of Carbonate-Rich Outcrops on Mars by the
Spirit Rover. Science, 329:421–424, 2010.

[257] J. Smulko and M. Wróbel. Noise sources in Raman spectroscopy of biological
objects. Proceedings of SPIE 10063, Dynamics and Fluctuations in Biomedical
Photonics XIV, 10063:1–7, 2017.

[258] R. L. McCreery. Raman Spectroscopy for Chemical Analysis. John Wiley & Sons,
2005.

[259] P. Vandenabeele. Practical Raman Spectroscopy – An Introduction. John Wiley
& Sons Ltd, United Kingdom, 2013.

[260] Scientific Volume Imaging: Deconvolution-Visualization-Analysis. Photon noise.
https://svi.nl/PhotonNoise, as consulted online on 22 June 2018.

[261] M. Delhaye, J. Barbillat, J. Aubard, M. Bridoux, and Edouard Da Silva. Chapter
3: Instrumentation. In G. Turrell and J. Corset, editors, Raman Microscopy -
Developments and Applications, pages 51–173. Elsevier Academic Press, 1996.

[262] A. McClelland and M. Mankin. Optical Measurements for Scientists and Engi-
neers: A Practical Guide. Cambridge University Press, 2018.

[263] B. Schrader, B. Dippel, I. Erb, S. Keller, T. Löchte, Hartwig Schulz, E. Tatsch,
and Sonja Wessel. NIR Raman spectroscopy in medicine and biology: Results
and aspects. Journal of Molecular Structure, 480:21–32, 1999.

[264] I. Notingher, S. Verrier, H. Romanska, A. E. Bishop, J. Polak, and L. L. Hench.
In situ Characterisation of Living Cells by Raman Spectroscopy. Journal of
Spectroscopy, 16:43–51, 2002.

[265] B. D. Schrader, B. Dippel, S. Fendel, R. Freis, S. Keller, T. Loechte, M. C.
Riedl, E. Tatsch, and P. Hildebrandt. Medical diagnostics with NIR-FT-Raman
Spectroscopy. Proceedings of SPIE - The International Society for Optical Engi-
neering, 3257:66–71, 1998.

248



BIBLIOGRAPHY

[266] C. Krafft. Bioanalytical applications of Raman spectroscopy. Analytical and
Bioanalytical Chemistry, 378:60–62, 2004.

[267] N. Stone, P. Stavroulaki, C. Kendall, M. Birchall, and H. Barr. Raman Spec-
troscopy for Early Detection of Laryngeal Malignancy: Preliminary Results. The
Laryngoscope, 110(10):1756–1763, 2000.

[268] S. Fendel and B. Schrader. Investigation of skin and skin lesions by NIR-FT-
Raman spectroscopy. Fresenius’ Journal of Analytical Chemistry, 360:609–613,
1998.

[269] N. Gierlinger and M. Schwanninger. The potential of Raman microscopy and
Raman imaging in plant research. Spectroscopy-an International Journal, 21:69–
89, 2007.

[270] R. Baranski, M. Baranska, and H. Schulz. Changes in carotenoid content and
distribution in living plant tissue can be observed and mapped in situ using NIR-
FT-Raman spectroscopy. Planta, 222:448–457, 2005.

[271] B. Schrader, H. H. Klump, K. Schenzel, and H. Schulz. Non-destructive NIR FT
Raman analysis of plants. Journal of Molecular Structure, 509:201–212, 1999.

[272] T. Hirschfeld and B. Chase. FT-Raman spectroscopy: Development and justifi-
cation. Applied Spectroscopy, 40(2):133–136, 1986.

[273] B. Schrader, H. Schulz, G.N. Andreev, H.H. Klump, and J. Sawatzki. Non-
destructive NIR-FT-Raman spectroscopy of plant and animal tissues, of food
and works of art. Talanta, 53:35–45, 2000.

[274] H. G. M. Edwards and D. W. Farwell. The conservational heritage of wall paint-
ings and buildings: an FT-Raman spectroscopic study of prehistoric, Roman,
mediaeval and Renaissance lime substrates and mortars. Journal of Raman Spec-
troscopy, 39(8):985–992, 2008.

[275] K. R. Spring and M. W. Davidson. Concepts in Digital Imaging
Technology: Quantum Effiency. http://hamamatsu.magnet.fsu.edu/ arti-
cles/quantumefficiency.html, as consulted online on 19 December 2018.

[276] Andor. CCD Spectral Response (QE). http://www.andor.com/learning-
academy/ccd-spectral-response-(qe)-defining-the-qe-of-a-ccd, as consulted online
on 19 December 2018.

[277] S. A. Asher and C. R. Johnson. Raman Spectroscopy of a Coal Liquid shows
that Fluorescence Interference is minimized with Ultraviolet Excitation. Science,
225(4659):311–313, 1984.

[278] R. Bruno. Resonance Raman spectroscopy. Photosynthesis Research, 101(2):147–
155, 2009.

[279] M. D. Morris and D. J. Wallan. Resonance Raman spectroscopy. Current appli-
cations and prospects. Analytical Chemistry, 51(2):182A–192A, 1979.

249



BIBLIOGRAPHY

[280] E. V. Efremov, F. Ariese, and C. Gooijer. Achievements in resonance Raman
spectroscopy: Review of a technique with a distinct analytical chemistry poten-
tial. Analytica Chimica Acta, 606(2):119–134, 2008.

[281] P. Bhosale, I. Ermakov, M. R. Ermakova, W. Gellermann, and P. Bernstein. Res-
onance Raman Quantification of Nutritionally Important Carotenoids in Fruits,
Vegetables, and Their Juices in Comparison to High-Pressure Liquid Chromatog-
raphy Analysis. Journal of Agricultural and Food Chemistry, 52:3281–3285, 2004.

[282] I. V. Ermakov, M. Sharifzadeh, M. Ermakova, and W. Gellermann. Resonance
Raman detection of carotenoid antioxidants in living human tissue. Journal of
Biomedical Optics, 10(6):1–35, 2005.

[283] S.T. Mayne, B. Cartmel, S. Scarmo, L. Jahns, I. Ermakov, and W. Gellermann.
Resonance Raman Spectroscopic Evaluation of Skin Carotenoids as a Biomarker
of Carotenoid Status for Human Studies. Archives of Biochemistry and Bio-
physics, 539(2):1–18, 2013.

[284] S. A. Asher, M. Ludwig, and C. Johnson. UV Resonance Raman excitation
profiles of the aromatic amino acids. Journal of The American Chemical Society,
108:3186–3197, 1986.

[285] Z. Q. Wen and G. J. Thomas Jr. UV resonance Raman spectroscopy of DNA and
protein constituents of viruses: Assignments and cross sections for excitations at
257, 244, 238, and 229 nm. Biopolymers, 45(3):247–256, 1998.

[286] W. H. Nelson, R. Manoharan, and J. F. Sperry. UV Resonance Raman Studies
of Bacteria. Applied Spectroscopy Reviews, 27(1):67–124, 1992.

[287] D. D. Tuschel, A. V. Mikhonin, B. E. Lemoff, and S. A. Asher. Deep Ultravi-
olet Resonance Raman Excitation Enables Explosives Detection. Applied Spec-
troscopy, 64(4):425–432, 2010.

[288] J. Zhang, M. Li, Z. Feng, J. Chen, and C. Li. UV Raman Spectroscopic Study
on TiO2. I. Phase Transformation at the Surface and in the Bulk. The Journal
of Physical Chemistry. B, 110:927–935, 2006.

[289] E. Eshelman, M. G. Daly, G. Slater, P. Dietrich, and J. F. Gravel. An ultravio-
let Raman wavelength for the in-situ analysis of organic compounds relevant to
astrobiology. Planetary and Space Science, 93:65–70, 2014.

[290] M. Skulinova, C. Lefebvre, P. Sobron, E. Eshelman, M. Daly, J. F. Gravel, J. F.
Cormier, F. Châteauneuf, G. Slater, W. Zheng, A. Koujelev, and R. Léveillé.
Time-resolved stand-off UV-Raman spectroscopy for planetary exploration. Plan-
etary and Space Science, 92:88–100, 2014.

[291] T. Frosch, N. Tarcea, M. Schmitt, H. Thiele, F. Langenhorst, and J. Popp. UV
Raman Imaging A Promising Tool for Astrobiology: Comparative Raman Studies
with Different Excitation Wavelengths on SNC Martian Meteorites. Analytical
Chemistry, 79:1101–1108, 2007.

250



BIBLIOGRAPHY

[292] B. Yellampelle, M. Sluch, S. Asher, and B. Lemoff. Multiple-excitation-
wavelength resonance-Raman explosives detection. Proceedings of the SPIE,
8018:1–7, 2011.

[293] Z. Wang and Y. Li. Resonance Raman enhancement optimization in the visible
range by selecting different excitation wavelengths. Journal of Biomedical Optics,
20(9):1–6, 2015.

[294] Y. Kumamoto, A. Taguchi, N. Smith, and S. Kawata. Deep UV resonant Ra-
man spectroscopy for photodamage characterization in cells. Biomedical Optics
Express, 2(4):927–936, 2011.

[295] WITec. High-Resolution Optical and Scanning Probe Microscopy Systems.
https://www.witec.de/assets/Download/News/WITecCatalogue-HighRes.pdf, as
consulted online on 19 December 2018.

[296] BRUKER. VERTEX 70. https://www.bruker.com/fileadmin/user_upload/8-
PDF-Docs/ OpticalSpectrospcopy/FT-IR/VERTEX/Brochures/VERTEX70_
Brochure_EN.pdf, as consulted online on 19 December 2018.

[297] HORIBA. LabRAM HR Evolution. http://www.horiba.com/fileadmin/uploads/
Scientific/Documents/Raman/BRO-LabRAM_evo-122016-HR.pdf, as consulted
online on 19 August 2018.

[298] J. .M Henson, M. J. Butler, and A. W. Day. The dark side of the mycelium:
melanins of phytopathogenic fungi. Annual Review of Phytopathology, 37:447–
471, 1999.

[299] P. Meredith and J. Riesz. Radiative Relaxation Quantum Yields for Synthetic
Eumelanin. Photochemistry and Photobiology, 79(2):211–216, 2004.

[300] L. Muggia, I. Schmitt, and M. Grube. Lichens as treasure chests of natural
products. SIM News, 59:85–97, 2009.

[301] Z. Rzepka, E. Buszman, A. Beberok, and D. Wrześniok. From tyrosine to melanin:
Signaling pathways and factors regulating melanogenesis. Postępy Higieny i Me-
dycyny Doświadczalnej, 70:695–708, 2016.

[302] I. Galván and F. Solano. Bird Integumentary Melanins: Biosynthesis, Forms,
Function and Evolution. International Journal of Molecular Sciences, 17(4):1–
21, 2016.

[303] T. A. Belozerskaya, N. N. Gessler, and A. A. Aver‘yanov. Chapter 8: Melanin
Pigments of Fungi. In J. M. Mérillon and K. Ramawat, editors, Fungal Metabo-
lites, pages 264–291. Springer International Publishing Switzerland 2017, 2015.

[304] F. Solano. Melanins: Skin Pigments and Much More-Types, Structural Models,
Biological Functions, and Formation Routes. New Journal of Science, 2014:1–28,
2014.

251



BIBLIOGRAPHY

[305] M. Varga, O. Berkesi, Z. Darula, N. V. May, and A. Palágyi. Structural charac-
terization of allomelanin from black oat. Phytochemistry, 130:313–320, 2016.

[306] I. A. Menon, S. Persad, H. F. Haberman, and C. J. Kurian. A Comparative
Study of the Physical and Chemical Properties of Melanins Isolated from Human
Black and Red Hair. Journal of Investigative Dermatology, 80(3):202–206, 1983.

[307] P. K. Chu and L. Li. Characterization of amorphous and nanocrystalline carbon
films. Materials Chemistry and Physics, 96(2):253–277, 2006.

[308] S. Caffarri, T. Tibiletti, R. Jennings, and S. Santabarbara. A Comparison Be-
tween Plant Photosystem I and Photosystem II Architecture and Functioning.
Current Protein & Peptide Science, 15:296–331, 2014.

[309] L. R. Dartnell, M. C. Storrie-Lombardi, and J. M. Ward. Complete fluorescent
fingerprints of extremophilic and photosynthetic microbes. International Journal
of Astrobiology, 9(4):245–257, 2010.

[310] J. E. Mullet, J. J. Burke, and C. J. Arntzen. Chlorophyll proteins of photosystem
I. Plant Physiology, 65:814–822, 1980.

[311] J. C. Goedheer. Fluorescence bands and chlorophyll a forms. Biochimica et
Biophysica Acta (BBA) - Specialized Section on Biophysical Subjects, 88(2):304–
317, 1964.

[312] H. K. Lichtenthaler and C. Buschmann. Chlorophylls and Carotenoids: Measure-
ment and Characterization by UV-VIS Spectroscopy, volume F4. 2001.

[313] D. Cvetkovic and D. Marković. Stability of carotenoids toward UV-irradiation in
hexane solution. Journal of the Serbian Chemical Society, 73(1):15–27, 2008.

[314] T. Polívka and V. Sundström. Dark excited states of carotenoids: Consensus and
controversy. Chemical Physics Letters, 477(1):1–11, 2009.

[315] M. Macernis, J. Sulskus, S. Malickaja, B. Robert, and L. Valkunas. Resonance
Raman Spectra and Electronic Transitions in Carotenoids: A Density Functional
Theory Study. The Journal of Physical Chemistry. A, 118:1817–1825, 2014.

[316] S. Saito and M. Tasumi. Normal-coordinate analysis of β-carotene isomers assign-
ments of the Raman infrared bands. Journal of Raman Spectroscopy, 14(5):310–
321, 1983.

[317] RRUFF. RRUFF. http://rruff.info/, as consulted online on 3 December 2018.

[318] ENS de Lyon France Laboratoire de géologie de Lyon. Handbook of Minerals
Raman Spectra. http://www.geologie-lyon.fr/Raman/, as consulted online on 3
December 2018.

[319] Hitran. HITRAN online. http://hitran.org/, last update on August 2018, as
consulted online on 4 August 2018.

252



BIBLIOGRAPHY

[320] Atran. GEMINI Observatory. http://www.gemini.edu/sciops/telescopes-and-
sites/observing-condition-constraints/ir-transmission-spectra/#Near-IR, last up-
date on 31 October 2012, as consulted online on 4 August 2018.

[321] L. Song, E. Hennink, I. Young, and H. Tanke. Photobleaching kinetics of fluores-
cein in quantitative fluorescence microscopy. Biophysical Journal, 68:2588–2600,
1995.

[322] J. Brabandt. Reversibles und irreversibles Photobleichen an einzelnen Molekülen
und im Ensemble. Diploma Thesis, pages 1–81, 2006.

[323] F. Cichos, J. Martin, and C. von Borczyskowski. Emission intermittency in silicon
nanocrystals. Physical Review B, 70:1–9, 2004.

[324] I. Chung and M. G. Bawendi. Relationship between single quantum-dot intermit-
tency and fluorescence intensity decays from collections of dots. Physical Review
B, 70:1–5, 2004.

[325] A. Diaspro, G. Chirico, C. Usai, P. Ramoino, and J. Dobrucki. Handbook of
Biological Confocal Microscopy. Springer Science+Business Media, LLC, New
York, 2006.

[326] C. Eggeling, J. Widengren, R. Rigler, and C. Seidel. Photobleaching of Fluo-
rescent Dyes under Conditions Used for Single-Molecule Detection: Evidence of
Two-Step Photolysis. Analytical chemistry, 70:2651–2659, 1998.

[327] R. Zondervan, F. Kulzer, M. A. Kol’chenko, and O. Michel. Photobleaching
of Rhodamine 6G in Poly(vinyl alcohol) at the Ensemble and Single-Molecule
Levels. Journal of Physical Chemistry A, 108:1657–1665, 2004.

[328] S. Kalies, K. Kuetemeyer, and A. Heisterkamp. Mechanisms of high-order photo-
bleaching and its relationship to intracellular ablation. Biomedical optics express,
2:805–816, 2011.

[329] L. Song, C. Varma, J. Verhoeven, and H. Tanke. Influence of the triplet excited
state on the photobleaching kinetics of fluorescein in microscopy. Biophysical
Journal, 70:2959–2968, 1996.

[330] K. Golcuk, G. S. Mandair, A. F. Callender, N. Sahar, D. H. Kohn, and M. D.
Morris. Is photobleaching necessary for Raman imaging of bone tissue using a
green laser? Biochimica et biophysica acta, 1758:868–873, 2006.

[331] M. Talhavini, W. Corradini, and T. D. Z. Atvars. The role of the triplet state on
the photobleaching processes of xanthene dyes in a poly(vinyl alcohol) matrix.
Journal of Photochemistry and Photobiology A: Chemistry, 139:187–197, 2001.

[332] H. Piwoński, R. Kołos, A. Meixner, and J. Sepioł. Optimal oxygen concentration
for the detection of single indocarbocyanine molecules in a polymeric matrix.
Chemical Physics Letters, 405(4):352–356, 2005.

253



BIBLIOGRAPHY

[333] M. Brunner. Spektroskopische Eigenschaften kovalent an Glas gebundener Flu-
oreszenzfarbstoffe und farbstoffmarkierter Peptide. Dissertation, pages 1–166,
2002.

[334] J. Zhao, H. Lui, D. McLean, and H. Zeng. Automated Autofluorescence Back-
ground Subtraction Algorithm for Biomedical Raman Spectroscopy. Applied Spec-
troscopy, 61:1225–1232, 2007.

[335] Y. Fujita. Carotenoid photobleaching induced by photosystem II action in the
membrane fragments of the blue-green alga Anabaena variabilis: Action of O2.
Plant & Cell Physiology, 19(7):1129–1136, 1978.

[336] Z. C. Ling, A. Wang, B. L. Jolliff, C. Li, J. Liu, W. Bian, X. Ren, L. L. Mu, and
Y. Su. Raman Spectroscopic Study of Quartz in Lunar Soils from Apollo 14 and
15 Missions. Lunar and Planetary Science Conference, (#1823), 2009.

[337] B. Kolesov and C. Geiger. A Raman spectroscopic study of Fe–Mg olivines.
Physics and Chemistry of Minerals, 31:142–154, 2004.

[338] A. Zoppi, C. Lofrumento, E. M. Castellucci, and P. Sciau. Al-for-Fe substitution
in hematite: the effect of low Al concentrations in the Raman spectrum of Fe2O3.
Journal of Raman Spectroscopy, 39:40–46, 2008.

[339] Y. Liu, A. Wang, and J. J. Freemen. Raman, MIR, and NIR Spectroscopic Study
of Calcium Sulfates: Gypsum, Bassanite, and Anhydrite. Lunar and Planetary
Science Conference, (#2128), 2009.

[340] U. Böttger, F. Hanke, S. G. Pavlov, N. Deßmann, I. Weber, J. Fritz, and H.-
W. Hübers. Laser-induced alteration of Raman spectra for micron-sized solid
particles. Planetary and Space Science, 138:25–32, 2017.

[341] L.E. Erickson. On anti-stokes luminescence from Rhodamine 6G in ethanol solu-
tions. Journal of Luminescence, 5:1–13, 1972.

[342] M. Balkanski, R. F. Wallis, and E. Haro. Anharmonic Effects in Light-Scattering
Due to Optical Phonons in Silicon. Physical Review B, 28(4):1928–1934, 1983.

[343] M. Kasha. Characterization of electronic transitions in complex molecules. Dis-
cussions Faraday Society, 9:14–19, 1950.

[344] B. L. Volodin, S. Dolgy, V. S. Ban, D. Gracin, J. Krunoslav, and L. Gracin.
Application of the shifted excitation Raman difference spectroscopy (SERDS) to
the analysis of trace amounts of methanol in red wines. Progress in Biomedical
Optics and Imaging - Proceedings of SPIE, 8939:1–10, 2014.

[345] M. Martins, D. Ribeiro, E. Aparecido Pereira Dos Santos, A. Martin, A. Fontes,
and H. Martinho. Shifted-excitation Raman Difference Spectroscopy for In Vitro
and In Vivo Biological Samples Analysis. Biomedical Optics Express, 1(2):617–
626, 2010.

254



BIBLIOGRAPHY

[346] M. T. Gebrekidan, C. Knipfer, F. Stelzle, J. Popp, S. Will, and A. Braeuer. A
shifted-excitation Raman difference spectroscopy (SERDS) evaluation strategy
for the efficient isolation of Raman spectra from extreme fluorescence interference.
Journal of Raman Spectroscopy, 47:198–209, 2016.

[347] D. P. Kaiser. Aufbau und Test eines diodenlaserbasierten Messsystems für die
untergrundreduzierte Ramanspektroskopie. Diploma Thesis, 2007.

[348] S. E. J. Bell, E. S. O. Bourguignon, and A. Dennis. Analysis of Luminescent
Samples Using Subtracted Shifted Raman Spectroscopy. The Analyst, 123:1729–
1734, 1998.

[349] J. Zhao, M. M. Carrabba, and F. S. Allen. Automated Fluorescence Rejection
Using Shifted Excitation Raman Difference Spectroscopy. Applied Spectroscopy,
56(7):834–845, 2002.

[350] B. B. Praveen, P. C. Ashok, M. Mazilu, A. Riches, S. Herrington, and K. Dho-
lakia. Fluorescence suppression using wavelength modulated Raman spectroscopy
in fiber-probe-based tissue analysis. Journal of Biomedical Optics, 17(7):1–6,
2012.

[351] M. Maiwald, H. Schmidt, B. Sumpf, G. Erbert, H.-D. Kronfeldt, and G. Trän-
kle. Microsystem 671 nm Light Source for Shifted Excitation Raman Difference
Spectroscopy. Applied Optics, 48(15):2789–2792, 2009.

[352] M. Maiwald, G. Erbert, A. Klehr, H. D. Kronfeldt, H. Schmidt, B. Sumpf, and
G. Tränkle. Rapid shifted excitation Raman difference spectroscopy with a dis-
tributed feedback diode laser emitting at 785 nm. Applied Physics B: Lasers and
Optics, 85:509–512, 2006.

[353] M. Maiwald, H. Schmidt, B. Sumpf, R. Güther, G. Erbert, H. D. Kronfeldt, and
G. Tränkle. Microsystem Light Source at 488 nm for Shifted Excitation Resonance
Raman Difference Spectroscopy. Applied Spectroscopy, 63(11):1283–1287, 2009.

[354] U. Böttger, M. Maiwald, F. Hanke, M. Braune, S. G. Pavlov, S. Schröder, I. We-
ber, H. Busemann, B. Sumpf, G. Tränkle, and H. W. Hübers. Shifted Excitation
Raman Difference Spectroscopy applied to extraterrestrial particles returned from
the asteroid Itokawa. Planetary and Space Science, 144:106–111, 2017.

[355] P. Matousek, M. Towrie, and A. W. Parker. Fluorescence background suppression
in Raman spectroscopy using combined Kerr gated and shifted excitation Raman
difference techniques. Journal of Raman Spectroscopy, 33:238–242, 2002.

[356] K. B. Mabrouk, T. H. Kauffmann, H. Aroui, and M.D. Fontana. Raman study of
cation effect on sulfate vibration modes in solid state and in aqueous solutions.
Journal of Raman Spectroscopy, 44(11):1603–1608, 2013.

[357] Andor. Optical Etaloning in Charge Coupled Devices. http://www.andor.com/
learning-academy/optical-etaloning-in-charge-coupled-devices-technical-article, as
consulted online on 23 July 2018.

255



BIBLIOGRAPHY

[358] E. V. Efremov, J. B. Buijs, C. Gooijer, and F. Ariese. Fluorescence Rejection in
Resonance Raman Spectroscopy Using a Picosecond-Gated Intensified Charge-
Coupled Device Camera. Applied Spectroscopy, 61(6):571–578, 2007.

[359] J. Howard, N. J. Everall, R. W. Jackson, and K. Hutchinson. Fluorescence
rejection in Raman spectroscopy using a synchronously pumped, cavity-dumped
dye laser and gated photon counting. Journal of Physics E Scientific Instruments,
19:934–943, 1986.

[360] P. Matousek, M. Towrie, A. Stanley, and A. W. Parker. Efficient Rejection
of Fluorescence from Raman Spectra Using Picosecond Kerr Gating. Applied
Spectroscopy, 53(12):1485–1489, 1999.

[361] P. Matousek, M. Towrie, C. Ma, W. M. Kwok, D. Phillips, W. T. Toner, and A. W.
Parker. Fluorescence suppression in resonance Raman spectroscopy using a high-
performance picosecond Kerr gate. Journal of Raman Spectroscopy, 32:983–988,
2001.

[362] T. Tahara and H. O. Hamaguchi. Picosecond Raman spectroscopy using a streak
camera. Applied Spectroscopy, 47:391–398, 1993.

[363] T. Rojalin, L. Kurki, T. Laaksonen, T. Viitala, J. Kostamovaara, K. C.
Gordon, L. Galvis, S. Wachsmann-Hogiu, C. J. Strachan, and M. Ylipert-
tula. Fluorescence-suppressed time-resolved Raman spectroscopy of pharmaceu-
ticals using complementary metal-oxide semiconductor (CMOS) single-photon
avalanche diode (SPAD) detector. Analytical and Bioanalytical Chemistry,
408:761–774, 2016.

[364] D. V. Martyshkin, R. C. Ahuja, A. Kudriavtsev, and S. B. Mirov. Effective
suppression of fluorescence light in Raman measurements using ultrafast time
gated charge coupled device camera. Review of Scientific Instruments, 75(3):630–
635, 2004.

[365] F. Ariese, K. Roy, V. R. Kumar, H. C. Sudeeksha, S. Kayal, and S. Umapathy.
Encyclopedia of Analytical Chemistry, Chapter: Time-Resolved Spectroscopy: In-
strumentation and Applications. John Wiley & Sons Ltd., 2017.

[366] F. Hanke, B. J. A. Mooij, F. Ariese, and U. Böttger. The Evaluation of Time-
Resolved Raman Spectroscopy for the Suppression of Background Fluorescence
from Space-Relevant Samples. Journal of Raman Spectroscopy, accepted.

[367] J. J. Freeman, A. Wang, K. E. Kuebler, B. L. Jolliff, and L. A. Haskin. Char-
acterization of Natural Feldspars by Raman Spectroscopy for Future Planetary
Exploration. The Canadian Mineralogist, 46(6):1477–1500, 2008.

[368] A. Wang, B. L. Jolliff, L. A. Haskin, K. E. Kuebler, and K. M. Viskupic. Charac-
terization and comparison of structural and compositional features of planetary
quadrilateral pyroxenes by Raman spectroscopy. American Mineralogist, 86(7–
8):790–806, 2001.

256



BIBLIOGRAPHY

[369] T. P. Mernagh and D. M. Hoatson. Raman spectroscopic study of pyroxene
structures from the Munni Munni layered intrusion, Western Australia. Journal
of Raman Spectroscopy, 28:647–658, 1997.

[370] E. Huang, C. H. Chen, T. Huang, E. H. Lin, and J. A. Xu. Raman spectroscopic
characteristics of Mg-Fe-Ca pyroxenes. American Mineralogist, 85:473–479, 2000.

[371] T. Furukawa, K. E. Fox, and W. B. White. Raman spectroscopic investigation
of the structure of silicate glasses. III. Raman intensities and structural units in
sodium silicate glasses. The Journal of Chemical Physics, 75(7):3226–3237, 1981.

[372] G. Penel, G. Leroy, C. Rey, and E. Bres. MicroRaman Spectral Study of the
PO4 and CO3 Vibrational Modes in Synthetic and Biological Apatites. Calcified
Tissue International, 63:475–481, 1999.

[373] D. C. O’Shea, M. L. Bartlett, and R. A. Young. Compositional analysis of apatites
with Laser-Raman spectroscopy: (OH,F,Cl)apatites. Archives of Oral Biology,
19(11):995–1006, 1974.

[374] C. L. Evans and X. S. Xie. Coherent Anti-Stokes Raman Scattering Microscopy:
Chemical Imaging for Biology and Medicine. Annual Review of Analytical Chem-
istry, 1(1):883–909, 2008.

[375] S. T. McCain, R. M. Willett, and D. J. Brady. Multi-excitation Raman spec-
troscopy technique for fluorescence rejection. Optics Express, 16(15):10975–10991,
2008.

[376] M. Mazilu, A. C. De Luca, A. Riches, S. Herrington, and K. Dholakia. Fluores-
cence Background Suppression in Raman Spectroscopy. Optics InfoBase Confer-
ence Papers, 2010.

[377] A. C. De Luca, M. Mazilu, A. Riches, S. Herrington, and K. Dholakia. Online Flu-
orescence Suppression in Modulated Raman Spectroscopy. Analytical Chemistry,
82:738–745, 2010.

[378] P. Sobron, A. Sanz, M. B. Wilhelm, A. Davila, and K. Zacny. XIII GeoRaman
Conference, 2018.

[379] C. Cockell, D. C. Catling, W. L. Davis, K. Snook, R. Kepner, P. Lee, and C. .P
McKay. The Ultraviolet Environment of Mars: Biological Implications Past,
Present, and Future. Icarus, 146:343–359, 2000.

[380] L. Dartnell and M. R. Patel. Degradation of microbial fluorescence biosignatures
by solar ultraviolet radiation on Mars. International Journal of Astrobiology,
13:1–12, 2014.

[381] I. Weber, U. Böttger, S. G. Pavlov, H.-W. Hübers, H. Hiesinger, and E. Jess-
berger. Laser alteration on iron sulfides under various environmental conditions:
Laser alteration on iron sulfides. Journal of Raman Spectroscopy, 48:1509–1517,
2017.

257



BIBLIOGRAPHY

[382] C. Chio, S. Sharma, and D. Muenow. Micro-Raman studies of gypsum in the
temperature range between 9 K and 373 K. American Mineralogist, 89:390–395,
2004.

[383] S. Sharma, A. K. Misra, S. M. Clegg, J. Barefield II, R. C. Wiens, and T. Acosta.
Time-resolved remote Raman study of minerals under supercritical CO2 and high
temperatures relevant to Venus exploration. Philosophical Transactions. Series
A, Mathematical, Physical, and Engineering Sciences, 368:3167–3191, 2010.

258



Publikationen und Vorträge

Buchkapitel

J. P. de Vera, M. Baqué, D. Billi, U. Böttger, C. Cockell, R. de la Torre, B. Foing,
F. Hanke, S. Leuko, J. Martinez-Frías, R. Moeller, K. Olsson-Francis, S. Onofri, P.
Rettberg, S. Schröder, D. Schulze-Makuch, L. Selbmann, D. Wagner, L. Zucconi, A
Systematic Way to Life Detection: Combining Field, Lab and Space Research in Low
Earth Orbit, Chapter, pp. 111-122, In B. Cavalazzi, F. Westall, Biosignatures for
Astrobiology, Springer Nature Switzerland AG, 2019.

Referierte Artikel

B. Haezeleer, U. Böttger, J.-P. de Vera, F. Hanke, S. Fox, H. Strasdeit, Artefact forma-
tion during Raman measurements and its relevance to the search for chemical biosig-
natures on Mars, submitted 2019.

F. Hanke, B. J. A. Mooij, F. Ariese, U. Böttger, The Evaluation of Time-Resolved Ra-
man Spectroscopy for the Suppression of Background Fluorescence from Space-Relevant
Samples, Journal of Raman Spectroscopy, accepted 2019.

J.-P. de Vera, M. Alawi, T. Backhaus, M. Baqué, D. Billi, U. Böttger, T. Berger, M.
Bohmeier, C. Cockell, R. Demets, R. de la Torre Noetzel, H. Edwards, A. Elsaesser, C.
Fagliarone, A. Fiedler, B. Foing, F. Foucher, J. Fritz, F. Hanke, T. Herzog, G. Horneck,
H.-W. Hübers, B. Huwe, J. Joshi, N. Kozyrovska, M. Kruchten, P. Lasch, N. Lee, S.
Leuko, T. Leya, A. Lorek, J. Martínez-Frías, S. Moritz , R. Moeller, K. Olsson-Francis,
S. Onofri, S. Ott, C. Pacelli, O. Podolich, E. Rabbow, G. Reitz, P. Rettberg, O. Reva,
L. Rothschild, L. Garcia Sancho, D. Schulze-Makuch, L. Selbmann, P. Serrano, U.
Szewzyk, C. Verseux, J. Wadsworth, D. Wagner, F. Westall, D. Wolter and L. Zucconi,
Limits of life and the habitability of Mars: The ESA space experiment BIOMEX on
the ISS, Astrobiology, 19(2):145-157, 2019.

S. Leuko, M. Bohmeier, F. Hanke, U. Böttger, E. Rabbow, A. Parpart, P. Rettberg, J.
P. P. de Vera, On the Stability of Deinoxanthin Exposed to Mars Conditions during a
Long-Term Space Mission and Implications for Biomarker Detection on Other Planets.
Frontiers in Microbiology, 8(1680):1-11, 2017.

U. Böttger, M. Maiwald, F. Hanke, M. Braune, S. G. Pavlov, S. Schröder, I. Weber, H.
Busemann, B. Sumpf, G. Tränkle, H.-W. Hübers, Shifted Excitation Raman Difference
Spectroscopy Applied to Extraterrestrial Particles Returned from the Asteroid Itokawa.
Planetary and Space Science, 144:106-111. 2017.

U. Böttger, S. Bulat, F. Hanke, S. G. Pavlov, M. Greiner-Bär, H.-W. Hübers, Identifi-
cation of Inorganic and Organic Inclusions in the Subglacial Antarctic Lake Vostok Ice
with Raman Spectroscopy. Journal of Raman Spectroscopy, 48:1503-1508, 2017.

U. Böttger, S. G. Pavlov, N. Deßmann, F. Hanke, I. Weber, J. Fritz, H.-W. Hübers,
Laser-induced alteration of Raman spectra for micron-sized solid particles. Planetary
and Space Science, 138:25-32, 2016.



J. L. Bishop, P. Englert, S. Patel, D. Tirsch, A. J. Roy, C. Koerberl, U. Böttger,
F. Hanke, R. Jaumann, Mineralogical analyses of surface sediments in the Antarctic
Dry Valleys: Coordinated analyses of Raman spectra, reflectance spectra and elemental
abundances. Philosophical Transactions of the Royal Society A, 372(201401):1-26, 2014.

K. Rammelkamp, S. Schröder, S. Kubitza, D. S. Vogt, S. Frohmann, P. B. Hansen,
U. Böttger, F. Hanke, H.-W. Hübers, Low-level LIBS and Raman data fusion in the
context of in-situ Mars exploration, Journal of Raman Spectroscopy, submitted 2019.

S. Schröder, K. Rammelkamp, F. Hanke, D. S. Vogt, S. Frohmann, S. Kubitza, U.
Böttger, I. Weber, H.-W. Hübers, Effects of Pulsed Laser and Plasma Interaction on Fe,
Ni, and Ti and their oxides for LIBS Raman Analysis in Extraterrestrial Environments,
Journal of Raman Spectroscopy, submitted 2019.

Vorträge auf Konferenzen

K. Rammelkamp, S. Schröder, S. Kubitza, D. Vogt, S. Frohmann, P. B. Hansen, U.
Böttger, F. Hanke, H.-W. Hübers, LIBS and Raman Data Fusion for in-situ Planetary
Exploration. European Planetary Science Congress 2018, 2018.

K. Rammelkamp, S. Schröder, S. Kubitza, D. Vogt, S. Frohmann, F. Hanke, U. Böttger,
H.-W. Hübers, Advantages of Combined LIBS and Raman Data for the Identification
and Quantification of Hydrated Salts for in-situ Planetary Exploration. International
Conference GeoRaman 2018, 2018.

K. Rammelkamp, S. Schröder, U. Böttger, S. Frohmann, F. Hanke, P. B. Hansen, S.
Kubitza, D. Vogt, H.-W. Hübers, LIBS and Raman Spectroscopy for Planetary in-situ
Exploration. International Workshop on Instrumentation for Planetary Missions 2018,
2018.

S. Schröder, K. Rammelkamp, D. Vogt, S. Frohmann, S. Kubitza, F. Hanke, U. Böttger,
I. Weber, H.-W. Hübers, Effects of Pulsed Laser and Plasma Interaction on Fe, Ni
and Ti and their oxides for LIBS Raman Analysis in Extraterrestrial Environments.
International Conference GeoRaman 2018, 2018.

S. Schröder, U. Böttger, F. Hanke, H.-W. Hübers, Miniaturized LIBS-Raman Spec-
trometer for in-situ Exploration. ROBEX Sensorworkshop, 2017.

S. Schröder, U. Böttger, F. Hanke, S. G. Pavlov, H.-W. Hübers, Miniaturized Raman-
LIBS Spectrometer for planetary in-situ exploration. 12th International Planetary
Probe Workshop (IPPW-12), 2015.

J. L. Bishop, P. Englert, S. Patel, D. Tirsch, U. Böttger, F. Hanke, R. Jaumann, Miner-
alogical Analyses of Surface Sediments in the Antarctic Dry Valleys. 8th International
Conference on Mars, 2014.

S. G. Pavlov, U. Böttger, F. Hanke, N. Deßmann, I. Weber, J. Fritz, H.-W. Hübers,
Size-dependent laser-induced heating of solid particles studied by Raman microspec-
troscopy. Proceedings of the XVIII International Symposium “Nanophysics and Nao-
noelectronics”, 2014.



Poster auf Konferenzen

F. Hanke, U. Böttger, S. G. Pavlov, I. Weber, Raman spectroscopic analysis of lunar
and Martian analogue materials using two different excitation wavelengths (532 nm and
1064 nm), International Conference GeoRaman 2018, 2018.

M. Baqué, F. Hanke, U. Böttger, T. Leya, R. Möller, J.-P. de Vera, Water kills? Pro-
tection of carotenoids’ Raman signatures by Martian mineral analogues after high dose
gamma irradiation, AbGradE Symposium 2018, 2018.

U. Böttger, S. Bulat, F. Hanke, S. G. Pavlov, M. Greiner-Bär, H.-W. Hübers, Iden-
tification of Inorganic and Organic Inclusions in the Vostok Lake Ice with Raman
Spectroscopy. XII International Conference GeoRaman 2016, 2016.

U. Böttger, S. G. Pavlov, N. Deßmann, F. Hanke, I. Weber, J. Fritz, H.-W. Hübers,
Laser-induced alteration of Raman spectra for micron-sized solid particles. XII Inter-
national Conference GeoRaman 2016, 2016.

F. Hanke, U. Böttger, M. Braune, H. Busemann, H.-W. Hübers, M. Maiwald, S. G.
Pavlov, B. Sumpf, G. Tränkle, I. Weber, Extraterrestrial Particles Examined by Shifted
Excitation Raman Difference Spectroscopy. ICORS 2016, 2016.

F. Hanke, U. Böttger, A. Pohl, S. G. Pavlov, H.-W. Hübers, The differentiation of
Raman spectra of salts using multivariate data analysis. XII International Conference
GeoRaman 2016, 2016.

F. Hanke, U. Böttger, H.-W. Hübers, Ramanspektroskopische Untersuchungen an Ge-
fahrstoffen. SiFo Fachdialog Sicherheitsforschung, 2015.

F. Hanke, U. Böttger, S. G. Pavlov, H.-W. Hübers, Raman spectra of frozen salt solu-
tions relevant for planetary surfaces. EPSC 2014, 2014.


	Contents
	1 Introduction
	2 Planetary in-situ exploration and the search for life
	3 Raman spectroscopy for planetary research
	3.1 Raman spectroscopy for the analysis of space-relevant samples
	3.2 Advantages of Raman spectroscopy for planetary in-situ exploration
	State-of-the-art
	Terrestrial application
	Future space missions with a Raman spectrometer onboard


	4 Photophysical processes
	4.1 Absorption and emission according to Einstein
	4.1.1 Quantum mechanical description

	4.2 Luminescence (fluorescence and phosphorescence)
	4.2.1 Lifetime
	4.2.2 Luminescence of organic molecules
	4.2.3 Luminescence in minerals
	4.2.4 Luminescence - A problem that must be solved!

	4.3 Raman effect
	4.3.1 Classical description of Raman scattering
	4.3.2 Quantum mechanical description of Raman scattering

	4.4 Non-radiative processes
	4.4.1 Vibrational relaxation (VR)
	4.4.2 Internal conversion (IC)
	4.4.3 Intersystem crossing (ISC)
	4.4.4 Quenching


	5 Samples
	5.1 Biological samples
	5.2 Organic sample
	5.3 Martian and Lunar Regolith Simulant
	5.4 Sample preparation and sample storage
	5.5 Fluorescence microscopy

	6 Data analysis
	6.1 Signal-to-noise ratio
	6.2 Structure of data analysis

	7 Excitation Wavelength Selection
	7.1 Theory
	7.2 Experimental setup
	7.3 Data analysis
	7.3.1 Measurement parameters
	7.3.2 Biological and organic samples
	7.3.3 Mineralogical samples
	7.3.4 Absorption lines
	7.3.5 Thermal radiation
	7.3.6 Summary


	8 Photobleaching
	8.1 Theory
	8.2 Experimental setup
	8.2.1 Measurement parameters and procedure

	8.3 Data analysis
	8.3.1 Preparatory steps for photobleaching measurements
	8.3.2 Procedure of data analysis
	8.3.3 Photobleaching measurements of the green alga of Circinaria gyrosa
	8.3.4 Photobleaching measurements of the S-MRS pellet
	8.3.5 Photobleaching measurements of the remaining samples
	8.3.6 Summary


	9 Anti-Stokes Raman Spectroscopy
	9.1 Theory
	9.2 Experimental setup
	9.3 Preliminary theoretical considerations
	9.4 Data analysis
	9.4.1 No anti-Stokes signals
	9.4.2 Stokes and anti-Stokes signals
	9.4.3 Consequences of heating for Raman signals
	9.4.4 Consequences of heating for luminescence signals
	9.4.5 Anti-Stokes fluorescence
	9.4.6 Resonance effect
	9.4.7 Summary


	10 Shifted Excitation Raman Difference Spectroscopy (SERDS)
	10.1 Theory
	10.2 Expermintal setup
	10.2.1 Parameters and data analysis procedure

	10.3 Data analysis
	10.3.1 Advantages regarding the SERDS measurements
	10.3.2 Advantages regarding the SERDS method
	10.3.3 Problems regarding the measurement results
	10.3.4 Problems regarding the SERDS method
	10.3.5 Summary


	11 Time-Resolved Raman Spectroscopy (TRRS)
	11.1 Theory
	11.2 Experimental setup
	11.3 Data analysis
	11.3.1 Time-resolved Raman spectroscopy of Xanthoria elegans
	11.3.2 Time-resolved Raman spectroscopy of the LRS pellet
	11.3.3 Time-resolved Raman spectroscopy of the remaining samples
	11.3.4 Summary


	12 Space-Application
	12.1 Advantages and disadvantages of applied Raman spectroscopic methods
	12.2 Proposal for a Raman setup in outer space
	12.3 Similar approaches
	12.4 Influence of environmental conditions

	13 Conclusions
	14 Appendix

