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by 

Aria Vitkova 

Raman spectroscopy has gained popularity in planetary exploration over the last decade as an 

exceptionally versatile non-destructive compositional analysis technique that can identify a vast 

spectrum of molecules including both minerals and biomolecules, and provide information on the 

molecular structure, material phase as well as atom arrangements. For its many merits, Raman 

spectroscopy was proposed as one of the model instruments for the Europa Lander mission 

currently under development at NASA. For their vast oceans possibly harbouring extraterrestrial 

life, Europa and other Icy Worlds were identified as high priority planetary targets in both ESA’s 

and NASA’s plans for future planetary exploration. However, contemporary state-of-the-art 

Raman instruments for planetary exploration were designed for bulk mineral detection on Mars, 

the most imminent planetary target, and are not compatible with life detection on Europa. 

This research evaluates the capabilities and limitations of Raman spectroscopy for in-situ 

detection of biosignatures on Europa in order to identify critical instrument design requirements 

and enabling technology necessary for the development of a Raman instrument compatible with a 

landed mission to Europa and its scientific goals. High confidence and high priority biosignatures 

for the search for life on Europa are identified and a selection of the target molecules is used to 

study the effects of laser induced damage, fluorescence interference, cryogenically induced 

spectral changes and the ability of available Raman technology to detect molecules at extremely 

low concentrations. The research shows that cryogenically induced changes can severely impact 

the detectability and identifiability of molecules due to Raman shift changes of up to 25 cm-1, as 

well as the cryogenically induced increase in the fluorescence noise. On the other hand, the 

significant narrowing of Raman bands as well as the decrease in the variability of the 

measurements at low temperatures lead to higher precision and accuracy. Cryogenic 

temperatures also mitigate the effects of laser damage, increase the SNR in the spectra of some 

molecules and even allow the detection of highly photosensitive molecules that are unresolvable 



 

 

at higher temperatures. The results also indicate that the spectral resolution necessary for 

successful detection of biosignatures on Europa could be as high as 2 cm-1, which is much higher 

than the resolution of contemporary state-of-the-art Raman instruments for planetary 

exploration and is particularly problematic for miniaturized instruments. Additionally, detection at 

extremely low concentrations, as required on Europa, is not achievable using traditional Raman 

spectroscopy.  

Based on the identified requirements, two Raman instrument designs compatible with a 

mission to Europa are proposed. Key enabling technology and future directions for the 

development of these instruments are identified and discussed. Most notably, Surface Enhanced 

Raman spectroscopy (SERS) is identified as a critical component of future Raman instruments for 

planetary exploration. Recent advances in the SERS technology are discussed and a SERS 

technique compatible with planetary exploration that could allow biosignature detection on Icy 

Worlds is proposed and described. 
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Chapter 1 Introduction 

The quest for finding life beyond the planet Earth is almost as old as the space industry itself. The 

life sciences department at NASA (National Aeronautics and Space Administration) was founded 

nearly immediately after its establishment in 1958 and has been one of the highest priorities of 

the organisation ever since [1]. Soon after, the search for life became an international effort as 

other space agencies adopted astrobiology as one of their major interests [1]. The search for life 

in the universe does not only seek the answer to the ever present question of whether 

humankind and terrestrial life are the only existing life forms, but it also aims to unravel some of 

the most fundamental questions regarding the origin of life in the universe [2], [3]. These 

questions are impossible to answer while stuck to the surface of the Earth and therefore space 

missions to other planets, moons and comets are especially crucial. 

Orbiter missions, starting with Mariner 4 as early as 1964, which established Mars as a high 

priority target for astrobiology, helped to collect the data necessary to enable Mars lander 

missions [4]. As soon as the 1970s, the Viking missions landed on Mars in order to determine 

whether the planet harbours life [4]–[6]. Since then, the Martian surface has been extensively 

explored in the search for extraterrestrial life by multiple other missions such as the Mars 

Exploration Rovers, Spirit and Opportunity (launched in 2003), Phoenix Mars Mission (2007), Mars 

Science Laboratory rover Curiosity (2011), and most recently, the InSight lander mission (2018), 

and the Mars 2020 mission with the Perseverance rover launched in 2020. The interpretation of 

the results of some of the experiments performed by these missions has been heavily disputed, 

however, none of the astrobiology missions launched to date has managed to fully confirm the 

presence of life as of yet [5]–[7]. In addition to the recently launched Mars 2020 Perseverance 

rover, another rover mission seeking to find life on Mars, ESA’s ExoMars, is bound to launch in 

late 2020s. 

Despite Mars being the primary target for space exploration in the search for extraterrestrial life, 

other corners of the Solar System have also been reached in the pursuit of life detection. The 

Apollo programme performed in-situ astrobiology experiments on the Moon as early as 1969 and 

asteroids Vesta and Ceres were studied by the fly-by mission Dawn from 2011 till 2017. The Deep 

Impact mission, launched in 2005, was the first attempt to land on a comet and analyse its 

interior. The Messenger probe, launched in 2005, aimed to explore Mercury and Pioneer Venus 

project launched two spacecraft to investigate Venus in 1978. Most notably, Cassini-Huygens and 

Galileo, launched in 1997 and 1989 respectively, explored the giant planets in the outer Solar 

System and their moons and provided evidence that there are other potential life harbouring sites 

in the Solar System besides Mars [8]–[13]. Saturn´s moons Titan and Enceladus or Jupiter´s moon 
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Europa could even provide a more convenient environment for the presence of past or present 

life due to their large deposits of water, both in a liquid and in an ice form [8]–[13]. These Icy 

Worlds are particularly relevant for future planetary exploration as they are cited in the ESA’s 

Voyage 2050 plan as the target of ESA’s next large class mission and they are also identified as a 

high priority planetary target in the latest NASA’s Decadal Survey [14]–[17]. Advances in space 

science and technology have also been making these distant targets become increasingly more 

reachable. 

Among the Icy Worlds, Jupiter´s moon Europa is one of the main focus points for astrobiology and 

the exploration of potentially habitable worlds and has been specifically named in the most recent 

Planetary Science Decadal Survey as one of the highest priority targets for space exploration in 

2013-2022 [14] as well as in the ESA’s Voyage 2050 plan [18]. This is due to its sub-surface saline 

ocean strongly believed to be in contact with a rocky silicate ocean floor. Such an environment, 

not unlike the Earth´s ocean floor, could potentially provide an ideal chemistry and energy 

balance to harbour life [19].  

Europa is the sixth closest moon orbiting Jupiter out of a total of 79 moons. With a diameter of 

3138 km, it is Jupiter´s fourth largest moon and comparable in size to the Earth´s Moon. Even at 

the closest point, the distance between Jupiter and Earth is approximately 588 million km, more 

than 10 times the minimum distance between Earth and Mars. Thus, while the transfer time from 

Earth to Mars could take between 150 to 300 days, the journey to Europa would take at least 6 

years [20]. Apart from the extreme transfer time, a mission to Europa would also be exposed to 

an extremely harsh environment. While the total radiation dose of a 3-year mission to Mars 

measures in the order of rads, the total radiation dose for a mission landing on Europa is in the 

order of Mrads over its lifetime of approximately one month [21], [22]. This makes the radiation 

on the surface of Europa a thousandfold more severe than on Mars, even over a significantly 

shorter period. Likewise, Europa receives less than 5% of the solar radiation received by Earth [23] 

and the temperature on the surface of Europa never reaches higher than -168 ᴼC [24]. At the 

polar region, the surface temperature could be as low as -233 ᴼC [24]. 

The moon is globally covered by a thick layer of ice, estimated to be up to 35 km thick [25] but 

could vary depending on location (Figure 1-1). This is approximately 7 times as thick as the 

thickest ice sheet on Earth. However, it is the deep saline ocean underneath the icy crust that is 

the most interesting site to astrobiologists as the hydrothermal and geochemical processes at the 

surface of the silicate seafloor could provide the ideal environment for the origin of life [19], [26]–

[28]. Even though a number of mole probe missions to drill or melt through the Europan ice and 

explore the ocean underneath have been proposed [29]–[31], these concepts are highly 
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theoretical. Even the significantly thinner Antarctic ice sheets on Earth have proven challenging 

for exploratory probes. As a result of this, even Earth´s own ocean underneath its ice sheets has 

remained relatively unknown and unexplored. Constraints associated with the application in 

space, let alone on such a distant planetary target with largely unknown composition, would 

deem such a mission impossible with the current technology. 

To this date, there have been 5 missions that have caught a glimpse of Europa during their fly-by 

of Jupiter, however, a dedicated mission to Europa is yet to be flown. The first observation of 

Europa was conducted by Pioneer 10 in 1973 during its fly-by of Jupiter. The probe was too 

distant to obtain a high quality image, however, some albedo variations on the surface were 

observed [32]. Similarly, Pioneer 11 could only observe some surface variations during its fly-by of 

Jupiter in 1974 [32]. In 1979, Voyager 1 made a fly-by of Europa, studying the gravity interactions 

in the Jovian system, shortly followed by Voyager 2. The Voyager probes provided the first 

detailed images of Europa and discovered the discoloured cracks on the smooth surface of the 

moon, leading scientists to the conclusion that the surface is not rocky as previously believed, but 

rather predominantly made of ice [33]–[35]. This could potentially mean an ocean underneath the 

ice, which represented a major discovery as the only place in the Solar System known to contain 

liquid water at the time was Earth [33]–[35]. It was this discovery that also fuelled the following 

mission exploring the Jovian system, Galileo. The Galileo probe orbited Jupiter between 1995 and 

2003 and provided details of Europa’s thin atmosphere and high resolution images of the Europan 

surface [36], shown in Figure 1-2. Most importantly, however, it provided compelling evidence of 

the presence of liquid ocean underneath Europa´s icy crust [36]. This fuelled further speculations 

about the presence of extraterrestrial life on Europa and the motivation for further exploration of 

the distant icy moon. 

Figure 1-1 Jupiter´s moon Europa [373] 
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Figure 1-2 The surface of Europa as captured by Galileo [37] 

There are two fly-by missions more closely focused on the exploration of Europa currently under 

development, Europa Clipper and Jupiter Icy Moons Explorer (JUICE), both expected to launch in 

the early 2020s. A lander mission to Europa has not been confirmed as of yet, however, a 

conceptual study proposing such a mission was released by NASA in 2016 [19], [26].  

Despite not being able to reach the ocean, the proposed Europa lander mission aims to assess the 

presence of life by sampling the sub-surface material from at least 10 cm depth below the surface 

[19], [22]. At this depth, potential signs of extraterrestrial life delivered to the surface by 

geochemical processes would be protected from the outside destructive radiation environment 

[19], [38]. Consequently, a community announcement was issued in 2017 by NASA encouraging 

the scientific community to research in-situ instrumentation for the exploration of Europa, 

specifically focusing on searching for the evidence of life, assessing its habitability and 

characterising its surface properties [39]. Most recently, a preliminary call for instruments for the 

in-situ exploration of Europa was issued by NASA NSPIRES in order to assist with the definition of 

the Europa lander mission concept currently under development at JPL in terms of instrument 

accommodation in the payload bay and to expand the understanding of the instrument 

requirements and interfacing [22]. This mission is in its conceptual stage, however, it endorses the 

necessity for a detailed study of Europa in-situ instrumentation for a potential lander mission as 

there are many questions yet to be answered. Additionally, many of these questions can also be 

extrapolated to the exploration of other Icy Worlds, which are also likely to be the target of future 

planetary exploration [9], [10], [14]–[17], [19], [23], [40]. Most notably, the detection of organics 



Chapter 1 

5 

in space exploration has proven to be challenging in the past and the harsh environmental and 

mission constraints associated with a mission to Europa introduce additional limits to the design 

of a life-detecting instrument.  

Besides the severely low temperatures and extremely high radiation environment on Europa, 

detection constraints specific to the exploration of the Europan surface and sub-surface, such as 

low concentrations of target molecules in an ice matrix, can have a major impact on the 

effectiveness of traditional chemical characterization techniques. Similarly, a high level of 

autonomy and simplicity are highly desirable, if not essential, to ensure the success of a mission 

to such a distant planetary body with very limited or no connection to Earth during its operation. 

Additionally, the allowable payload mass and volume requirements for a mission to Europa are 

significantly stricter than to other more immediate planetary targets such as Mars, thus making 

the miniaturization of the instrument a high priority goal, if not a necessity.  These constraints 

have not been fully addressed before as most scientific instruments are currently tailored to 

Mars, the most imminent target for space exploration. 

Among the life detecting instruments proposed to date, Raman spectroscopy stands out as an 

exceptionally versatile non-destructive compositional analysis technique that does not require 

any sample preparation. It has gained popularity in planetary exploration over the last decade due 

to its ability to unambiguously identify a vast spectrum of molecules including both minerals and 

biomolecules important for extraterrestrial exploration. Raman spectra can also reveal 

information on the molecular structure, material phases and atom arrangements, which is of high 

importance in contemporary in-situ planetary research [14], [19], [46], [47], [23], [30], [40]–[45]. 

While Raman spectroscopy was limited to Earth applications due to its size and mass until early 

2000s, recent developments in optics and laser technology allowed Raman instruments to be 

adapted for space applications. Particularly, the most recent Mars lander mission, NASA’s Mars 

2020, as well as the imminent ESA Mars lander mission, ExoMars, carry Raman spectrometers on 

board [48]–[51]. 

However, despite its many advantages, Raman spectroscopy faces a few crucial challenges in 

terms of the detection of extraterrestrial life and its signatures. One of the main challenges in 

Raman spectroscopy is the fluorescence interference that may impede the detection of molecules 

by partially or completely overshadowing the molecule’s spectroscopic signature. The severity of 

the fluorescence noise depends on the sampled material and the excitation wavelength, which 

makes the choice of the laser source a critical design parameter that needs to be specifically 

tailored to the targeted molecules. Fluorescence can severely restrict the pool of detectable 

molecules without the use of an effective fluorescence suppression mechanism and is particularly 
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concerning for biological and organic samples, as they tend to be inherently fluorescent, 

especially at visible excitation wavelengths.  

More importantly, most Raman reference spectra are traditionally collected at room 

temperatures (15-25 °C) and only a very limited number of molecules relevant to astrobiology 

have been analysed at cryogenic temperatures analogous to Europa [47], [52]. Raman 

spectroscopy relies on the vibrational properties of molecules and the molecular bonds, which are 

variable across different temperatures. As such, the extremely low temperatures on Europa can 

severely impact the resulting Raman spectra. Moreover, the thermal changes within the spectra 

can be very molecule specific, which makes research into the thermally induced changes in the 

Raman spectra of relevant molecules critical for the development of a Raman instrument for the 

exploration of Europa. 

Furthermore, traditional Raman spectroscopy is not particularly sensitive to trace molecules 

within a sampled material. This is particularly concerning for the search for biosignatures on 

Europa and Icy Worlds as the concentration of the biomolecules is predicted to be extremely low 

[9], [19], [23]. Research conducted to date indicates that the concentration of organics in the 

Europan ice could be in the order of ppb (part per billion) and as low as 0.01 ppb [9], [19], [23]. 

The Europa Lander Mission currently under development at NASA requires the limit of detection 

(LOD) for vibrational spectroscopy as low as 1 nM (0.1ppb) [19]. Detection at such low 

concentrations is not achievable with traditional Raman spectroscopy. 

This research aims to explore and assesses the critical limitations in Raman spectroscopy for the 

exploration of Europa and identify key design parameters for the development of a Raman 

instrument optimized for the detection of biosignatures on Icy Worlds. By mapping the current 

development in the field of in-situ planetary instrumentation and Raman spectroscopy, this work 

provides an assessment of a suitable Raman instrument design as well as the key limitations of 

contemporary Raman technology and techniques. The outcome is then used to propose future 

directions in Raman spectroscopy research in order to allow the development of instruments 

compatible with a landed mission to Europa and its scientific goals.  
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Chapter 2 Background 

The search for extraterrestrial life has always been one of the most important motivating factors 

for planetary exploration. With its saline ocean and silicate seafloor providing the ideal 

environment for the emergence of life [19], [26]–[28], Europa represents one of the most likely 

extraterrestrial sites to harbour life in our solar system. As such, it generates a lot of interest in 

the field of astrobiology and it has been named by both NASA and ESA as a high priority target for 

future planetary exploration [14], [18]. A Europa Lander mission has also been proposed and the 

concept is currently under development at NASA [19], [26]. 

Located in the outer Solar System and orbiting in a high radiation field of Jupiter, any mission to 

Europa will be exposed to an extremely harsh environment and subject to mission constraints 

baring severe functional implications on the instrumentation on board. Similarly, as an Icy World 

predominantly composed of water, Europa is a very different planetary target to the rocky 

surfaces of Mars or the Moon, which have been the primary focus of planetary exploration to 

date. This introduces a unique challenge in the field of space instrumentation, which has 

historically always relied on flight heritage and prioritized proven technology over innovation, as 

instruments with flight heritage from Martian missions may not be compatible with a mission to 

Europa at all or may need significant modifications to meet the mission’s criteria. Since most 

contemporary instruments for planetary exploration have been designed to operate on Mars, 

instrumentation for the exploration of the vastly different environments on Icy Worlds, such as 

Europa, remains a relatively unexplored territory. The development of robust life-detecting 

instruments compatible with a lander mission to Europa is thus a critical step towards the 

exploration of this distant planetary target. Indeed, ESA’s Voyage 2050 plan for future directions 

in planetary exploration, which states a mission to either Saturnian or Jovian Icy Moons as a high 

priority target, explicitly highlights the lack of technology readiness of in-situ instrumentation for 

these missions to be a major challenge and encourages further development in this area [18]:  

“Surface elements, although of the utmost scientific interest, present critical technological 

challenges. Instrument development for such missions is strongly encouraged to achieve 

and boost the scientific return, for example in the characterisation of complex chemicals.” 

[18] 

The maturation of in-situ instrumentation technologies for the exploration of Icy Worlds is also 

critical to progress the Europa Lander mission currently under development at NASA, or any other 

Europa lander mission, past the conceptual stage. This necessity is also supported by the release 

of the community announcements and preliminary call for instruments encouraging scientists to 

focus on in-situ instrumentation compatible with the NASA’s Europa lander mission concept and  
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Figure 2-1 Europa lander mission concept science goals and objectives, searching for the evidence 

of life being the highest priority goal, followed by assessing the habitability and then 

supporting future exploration [19] 

its scientific goals (shown in Figure 2-1), especially focusing on detecting life, assessing the moon’s 

habitability and characterizing its surface and subsurface [22], [39]. 

However, setting aside the harsh environmental and mission constraints of a mission to Europa, 

the task to detect extraterrestrial life itself has proven challenging at best in the past. As of yet, no 

instrumentation has been able to provide a uniformly accepted unambiguous proof of the 

presence of life on any of the explored extraterrestrial sites to date. This is not necessarily due to 

the lack of life or signs of life in the sampled material. Rather, it may be due to insufficient 

detection capabilities, the nature of the employed detection methods and their limitations and, to 

a broader extent, the definition of life and an unambiguous biosignature itself [5]. 

2.1 Life Detection on Europa 

Ever since the Viking missions, there has been no in-situ attempt at directly detecting life on 

another planet and even this attempt failed to provide conclusive results. Even though the results 

of individual experiments performed by various instruments could be interpreted as a proof of 

metabolic activity, the results of the entire Viking instrument suite together could not confirm or 

exclude the presence of life [5], [6]. 
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All subsequent astrobiology missions focused on indirect detection of life by targeting so called 

biosignatures, molecules or features characteristic of life as we know it. Biosignatures include 

simple molecular targets that are only known to be produced or used by life or complex organic 

matter that is unlikely to be formed without the presence of life. However, biosignatures can also 

be features such as concentrations, distribution and ratios of molecules, and processes connected 

to biological activity [5], [44]. Naturally, these biosignatures provide various levels of confidence 

in the presence of life [5], [43], [44], [53], [54]. The idea of biosignatures is also based on the 

assumption that extraterrestrial life is similar to life on Earth or originated through similar 

processes [23]. This alone leads to some elemental issues with the definition of a biosignature due 

to the scientific controversies associated with the origin of life on Earth [54]. Additionally, the 

biochemistry of alien life could be entirely, or at least significantly, different to terrestrial 

biochemistry. A theory of chance and necessity states that even though extraterrestrial life would 

most likely use the same building blocks, it could also only use the simplest and earliest 

evolutionary forms of these building blocks and any subsequent evolution would be dependent 

on the environment, just as it was on Earth [55]. This means that complex structures such as 

phospholipids, proteins or even entire cells that were not present on the prebiotic Earth and 

could be targeted as a direct sign of life, could not actually be present in any life form on Europa, 

Mars or Titan. On the other hand, a simple amino acid such as alanine or glycine, that are the 

most abundant, could represent the necessary prebiotic building blocks and any more complex 

amino acids would simply be a result of evolutionary adaptation to the specific environment [55]. 

However, these simple amino acids can also be formed abiotically and have also been found in 

meteorites and their detection would thus only signal the hypothetical possibility of future 

emergence of life at best [56]. 

Therefore, a single biosignature is not a sufficient evidence of life and multiple lines of distinct 

biosignatures will have to be detected in order to confirm the presence of life [19], [43], [44]. 

Despite the main focus being on molecular organic biosignatures, morphological as well as 

biomineral signs of life are also targeted by the Europa Lander mission [19], [22]. This also 

introduces additional difficulty in the search for life in space as it calls for instrumentation capable 

of detecting a wide range of compounds, the chemistry of which might not be known on Earth 

[57]. 

Furthermore, while the signs of terrestrial-like life are universal across the Solar System and even 

further, the likelihood of detection varies significantly depending on the environment. I. e. the 

overall set of chemicals that signal the presence of terrestrial life is the same regardless of the 

location in the universe. However, certain chemicals might be very likely to signal Martian life on 

Mars while very unlikely to occur on Europa. The likelihood of occurrence, and consequently the 
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probability of detection, is especially crucial for a mission to Europa that can only carry a couple of 

simplified instruments on board. The biosignatures that have been proposed to date are 

numerous and vary greatly in terms of ambiguity, abundance, ease of detection, durability and, 

most importantly, likelihood of occurrence on Europa. A detailed review of biosignatures 

surveying these aspects in reference to Europa, its environment and possible indigenous life 

forms is therefore needed.  

2.2 Mission Constraints and Environmental Limitations 

Besides selecting appropriate molecular targets, other important factors affecting the 

development of scientific instruments for in-situ exploration of Europa are the constraints 

associated with the mission architecture and limitations imposed by the Europan harsh 

environment. These limitations are discussed in detail in the following sections. 

2.2.1 Mass and Size 

Due to the nature of exploring the unknown, the general consensus is that multiple instruments 

working in conjunction with one another are necessary to provide an unambiguous proof of 

extraterrestrial life [19], [58]. However, for a mission to Europa, the payload bay will be very 

limited in mass and size due to the direct impact of these parameters on the mission cost. As 

such, only a few simplified instruments could be accommodated, stressing the necessity to select 

only the most versatile and capable set of instruments that could achieve this goal while also 

complying with the mission’s constraints. 

While the Europa Lander mission has not been given the green light yet and the final mass 

allocations can change significantly and also differ for any other mission to Europa, the Science 

Payload Draft Proposal Information Package allocates 32.7 kg and 34.5 l volume for the payload 

[22]. This includes a baseline payload of 5 instruments [22]. In the most recent mission update, 

the payload mass has been increased to 42.5 kg including margin [26], however, this is still 

significantly less than the payload mass allocated by most of the Martian lander missions flown to 

date. Table 2-1 shows the mass allocation comparison of the planned Europa Lander mission and 

a few notable Mars missions. The payload mass on the Curiosity rover is approximately twice the 

Europa Lander payload mass and includes more than twice as many scientific instruments. The 

payload mass on Perseverance, the most recently launched Martian rover, is much less than the 

Curiosity payload mass, however, it is still much higher than the payload mass on the planned 

Europa Lander mission. It is also important to note that the Perseverance rover is much heavier 

overall, 1025 kg as opposed to the Europa Lander’s 575 kg. While the overall mass is not allocated 
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to the scientific instruments directly, the instruments can still benefit from it as it allows the 

accommodation of additional supporting systems and mechanisms, which may not be available on 

the Europan lander. This in turn calls for higher autonomy, robust instrument design and 

simplicity in both the design and the instrument’s operation.  

Mission Launch Year Payload Mass (kg) 

Europa Lander TBC 32.7/42.5 

Viking 1 1975 91 

Curiosity 2007 80 

Phoenix 2011 55 

InSight 2018 50 

Perseverance 2020 52 

Table 2-1 Comparison of payload mass between a mission to Europa and a few notable missions 

to Mars flown to date (based on publicly available data from NASA and [19], [22], 

[26]) 

2.2.2 Target Molecule Concentration 

Apart from the most obvious limitations of mass and size, there are other limits inherent to 

detecting life on Europa. Perhaps the most restricting when it comes to instrumentation is the low 

concentration of molecules in an ice matrix. Based on calculations of the Europa biomass, the 

concentrations of potential microbial cells are minimal [9], [23]. Likewise, observations of cell 

concentrations in Europa analogue sites, such as Lake Vostok, show that the cell concentrations in 

the near sub-surface ice of the Europan crust are very likely to be extremely low [19].  

The low concentration of biological molecules in the sub-surface ice is also a very reasonable 

assumption given the possible pathways of the origin of life on Europa. The necessary energy for 

the emergence of life could have originated either through photosynthesis in the surface layers of 

the ice crust or through redox reactions at the water interface with the mineral sea floor. While 

photosynthesis is widely regarded as one of the most crucial processes in the evolution of life as 

we know it on Earth, the available energy from radiation on the surface of Europa is significantly 

lower than on Earth. This makes photosynthesis potentially less pivotal in the evolution of life on 

Europa. Additionally, severe ionizing radiation would destroy any organic material on the surface 

of the Europan ice crust [23]. Even though just a relatively thin layer of ice would protect any 

potential life forms from the destructive radiation on the surface, it is questionable whether there 

would be enough energy from radiation for photosynthesis at these depths. This makes the 
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theory of life originating at the sea floor of Europa and potentially migrating upwards towards the 

surface more favourable [19], [59]. 

This also gives rise to the question of biomass flux on Europa and whether organics near the 

surface could be detectable at all. The geochemical processes on Europa are not yet well 

understood due to many question marks associated with its composition that would drive these 

processes [59]. Figure 2-2 shows a geochemical model of the surface layers of Europa and 

possible habitable zones and sites for the detection of biosignatures. Due to the hydrothermal 

energy generated by tidal forces and the movement of ice sheets, the water at the water-ice 

interface and the ice crust itself is very likely to be in a slow but constant flux [9], [59], [60]. 

Molecules as well as microbial cells and colonies could thus travel up through the ice to the 

surface [9], [59], [60]. However, if this was the case, the concentrations near the surface could be 

extremely low.  

 

Figure 2-2 Geochemical processes on Europa delivering material from the ocean to the surface are 

likely to have a major impact on the distribution of any possible biosignatures on 

Europa. Potential habitable zones include extensional features, plumes, diapirs, sills 

and perched lakes [19] 

Specifically, research conducted to date indicates that the concentration of organics in the 

Europan ice could be in the order of ppb and as low as 0.01 ppb [9], [19], [23]. The Europa Lander 

mission study currently under development at NASA proposes the required detection limit for 
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organics in the Europan soil of 1 picomole per gram of the sampled material and limit of detection 

(LOD) for vibrational spectroscopy as low as 1 nM (i.e. 0.1ppb) [19]. For comparison, the 

concentration of biomolecules in the Martian regolith is estimated to be between 0.35 wt% to 

0.0001 wt% (i.e. 1 ppm), which is in the order of 103 to 108 magnitude higher than the 

concentration predicted on Europa [61]–[64]. This immediately imposes a strict constraint for 

many instruments and even those that are capable of detecting matter in such a low 

concentration could be restricted by the presence of ice and salts in the Europan soil [5], [43], 

[65]–[68]. It is also important to note that the concentration of biomolecules in the Martian ice, 

which remains unexplored to date and which has also been indicated as a high priority target for 

future planetary exploration [14], [42], [62], [69], [70], is estimated to be 1 ppb or lower, which is 

comparable to concentrations on Europa [61]–[63]. As such, the development of instruments 

capable of these extremely low limits of detection is not only relevant for the exploration of 

Europa and Icy Worlds but also for the future exploration of Mars. 

2.2.3 Cryogenic Temperatures 

Another key consideration for life detection on Europa is the extremely low temperature, which 

varies between -233 to -168 ᴼC on the surface depending on the location and time of day [24], 

[71]. This is significantly lower than any temperature ever recorded on Earth or Mars. For 

comparison, the lowest temperature recorded on the surface of Earth is -89.9 °C, or -98 °C 

considering satellite observation data [72]. The average surface temperature on Mars is -63 °C 

with the lowest recorded temperature being -143 °C in the Martian polar regions as estimated 

from the Viking Orbiter Infrared Thermal Mapper data. Based on current estimates, the depth at 

which potential biosignatures would be shielded from the outside radiation varies from 

approximately 1 cm at the lower radiation sites around the poles to 10-20 cm at the high radiation 

region around the equator [38]. While drilling through kilometres of ice in the search for life 

would be challenging for a spacecraft mission, these depths should be relatively easy to achieve. 

The depth of 10 cm is also the minimum depth at which the proposed Europa Lander mission aims 

to collect samples [19], [26]. 

The temperature profile within the icy shell of Europa is shown in Figure 2-3. While the 

temperature on the surface could be as low as -233 ᴼC, the temperature at the depth of 10 cm in 

the ice shell is expected to be roughly -175 ᴼC [24], [71]. This would vary depending on the 

location and the time of day and it could be as low as -200 ᴼC at the polar regions or if the 10 cm 

sampling depth is not achieved.  
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Figure 2-3 The temperature profile of the Europan ice crust (based on data from [71] and [73]) 

A mole probe mission to Europa could hypothetically reach lower layers of the Europan ice shell 

than a lander probe. As such, a mole probe would be exposed to higher temperatures as the 

temperature in the ice is thought to rise dramatically and could reach -98 to -75 ᴼC at around 

5 km below the surface and -33 ᴼC at the depth of 10 km [71], [73]. However, even at 5 km depth 

the temperature could still be below any temperature ever recorded on Earth to date [72]. It is 

also important to note that even the relatively modest 5 km depth on Europa is approximately as 

deep as the thickest ice sheet on Earth [74] and could be very challenging to drill through for a 

space probe. Between 10 and 20 km below the surface, the temperature then stays uniform 

around -13 ᴼC until it reaches 0 ᴼC at the water-ice surface [71], [73], as displayed in Figure 2-3 

[71], [73].  

While there are no analogous sites on Earth for temperatures as low as -175 ᴼC and terrestrial 

organisms can only survive temperatures around -20 ᴼC to -26 ᴼC before undergoing vitrification 

(a form of cryopreservation allowing hydrated cells to survive in cryogenic temperatures) [75], 

they can survive temperatures down to or below 10 K while vitrified and thus adapt to survive 

even the most extreme environment on Earth [75]. This signals that extremophilic life on Europa 

could have evolved to adapt to these critical temperatures. Additionally, cryopreserved life or its 

remnants from warmer lower layers of the ice shell or the ocean could be transferred to the 

colder surface layers by the convection within the ice.  

However, these extremely low temperatures that are beyond any extreme environment 

encountered on Earth could be detrimental for scientific instruments. Many critical components 

for space instruments have a restricted operational temperature range. For electronics, the 

typical minimum temperature is around -55 ᴼC as the performance of many electrical 

components, such as resistors and capacitors, changes dramatically with temperature. Likewise, 

many instruments rely on the molecular properties of the sample, which are dependent on the 
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temperature of the sample, and measurements at these extremely low temperatures can thus 

significantly affect the science output of the instrument.  

Alternative to in-situ measurements within the icy shell and below, recent observations confirmed 

the presence of a water plume ejecting water from the Europan subsurface into the atmosphere 

[76], which could potentially contain biosignatures from the Europan ocean. This creates the 

possibility of performing some interesting in-situ experiments and analysis through a fly by 

mission to Europa without having to land on the surface or drill through the ice shell. However, 

once ejected from within the protective layer of the ice, the high radiation field at Europa would 

destroy any organics in the water plume that could be potentially detected by an orbiter 

spacecraft. The event was also found to be rare and highly localized and could be difficult to 

predict [76]. A lander scale mission and exposure to Europa’s extremely cold surface and near 

sub-surface is therefore necessary to fully confirm or disprove the presence of life on Europa. 

2.2.4 Interference 

While the presence of large amounts of liquid water makes Europa a prime target in the search 

for extraterrestrial life, it can also be a challenging factor for life detecting instruments. While 

Infrared Spectroscopy is widely used on Earth and has been a popular choice for space 

applications as well, it is not suitable for aqueous solutions due to the intense water absorption 

that causes interference. There are solutions for extracting the water absorption from the data, 

however, these often introduce additional sample preparation and complexity and can prove 

ineffective for low concentrations [66], [77]. Thus, while IR spectroscopy can be effective for the 

exploration of Mars or the Lunar surface as reported form previous applications as well as the 

foreseen use for future missions [78]–[80], the predominance of ice in the Europan soil somewhat 

disqualifies the technique for a mission to Europa. 

Similarly, the presence of salts and other non-volatile molecules causes potentially crucial 

ionization suppression issues for separation based mass spectrometry [5], [65]–[67]. The presence 

of salts could also impede the bonding of antibodies and thus severely limit the operation of 

instrumentation based on antibody microarray immunoassays [5], [81]. This is also an important 

consideration since the surface of Europa as well as it´s ocean are inherently saline [19], [82], [83].  

2.2.5 High Radiation Environment 

The high radiation environment in the Jovian system is also a uniquely challenging aspect of a 

mission to Europa. According to the Europa Lander concept study, the lander would experience 

1.7 Mrad on the surface of Europa over its lifetime [22]. Even though shielding of the instrument 
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is provided to decrease the total ionizing dose to 150 krad, this is still a very harsh environment 

for most instruments and electronics and a total ionizing dose of 300 krad is proposed for the 

qualification of the instruments in order to account for uncertainties [22]. Table 2-2 shows a 

comparison of the total radiation dose experienced during various space missions [21]. The 

qualification level of the radiation dose for the proposed lander mission to Europa is more than 

thousandfold the radiation dose of a 3-year mission to Mars. 

Mission Radiation Dose (rad) 

Space Shuttle Mission 41-C  

(8-day mission orbiting the Earth at 460 km) 

0.559 

Apollo 14 

(9-day mission to the Moon) 

1.14 

Skylab 4 

(87-day mission orbiting the Earth at 473 km) 

17.8 

ISS Mission 

(up to 6 months orbiting Earth at 353 km) 

16 

Estimated Mars Mission  

(3 years) 

120 

Europa Lander proposed instrument 

qualification load 

(1-month mission) 

300 000 

Table 2-2 Comparison of radiation dose experienced during various missions [21] 

2.2.6 Transfer Time & Distance 

Other key considerations include the long transfer time to Europa, which might take many years 

more to complete compared to other planetary targets such as Mars. Based on the current plans 

of the conceptual Europa Lander mission, it will take more than 7 years for the spacecraft to reach 

Europa [22]. Due to the distance between Europa and Earth there would also be a very limited 

contact between the lander module and Earth, calling for high autonomy and simplicity of the 

instruments to prevent critical failures [19]. 

2.3 Raman spectroscopy 

Among life detecting instruments, the technique that stands out as one of the most powerful and 

versatile life detection tools for planetary in-situ exploration is Raman spectroscopy. It is a 

relatively young technique that was limited to Earth applications until very recently due to mass 

and size limitations. However, it has attracted a lot of attention in recent years due to its high 

potential for extraterrestrial exploration and Raman spectrometers are carried on board of both 
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the most recent Mars lander mission, NASA’s Mars 2020, as well as the imminent ESA Mars lander 

mission, ExoMars [48]–[51]. 

As opposed to other spectroscopy techniques, Raman spectroscopy was extremely limited as an 

analysis method until the discovery of lasers in the 1960s [51], [84]. The technique was later 

overshadowed by the rapid developments in the Fourier transform Infrared Spectroscopy in the 

1980s, however, since then it has become very popular in Earth based laboratories. Up until early 

2000s, the size of the instruments was a somewhat limiting factor regarding applications in the 

field, let alone in space. However, due to advances in laser and optics technology, ever since then, 

there has been a continuous effort to adapt this technique for applications in planetary sciences 

and exploit its numerous merits in the search for extraterrestrial life [85]. 

Raman spectroscopy is based on inelastic scattering of incident monochromatic light, which 

provides a vibrational mode spectrum of the bonds within the illuminated molecules (as shown in 

Figure 2-4 and Figure 2-5). The incident laser causes excitation to a higher vibrational energy state 

by transmitting a photon of a certain energy to the illuminated molecule, the excited molecule 

then relaxes to a new lower energy state, emitting a photon of a different energy (i.e. inelastic 

scattering). The change in the energy also induces a change in the wavelength. This is measured 

by the Raman instrument and recorded as a “Raman shift”. The Raman shift is dependent on the 

vibrational structure of a molecule. The resulting Raman spectrum shows the Raman shift (usually 

converted from wavelength to wavenumber) and each peak in the spectrum shows a vibrational 

mode of the illuminated molecule.  The spectrum thus determines the vibrational structure of the 

excited molecule, which allows its identification. An example comparison of Raman spectra of 

water, ice and dry ice is provided in Figure 2-5. Molecules of water and ice share the same 

structure, however, the strength of the bonds within the molecule of ice is different due to the 

phase change and therefore the energy needed to excite the vibrational mode is also slightly 

different. The spectrum of dry ice is completely different as it is a completely different molecule.  

Vibrational mode spectra are highly specific to each molecule, which provides a chemical 

fingerprint of the molecule and allows the unambiguous identification of various compounds or 

mixtures [23], [51], [86]. This is particularly useful for the characterization of molecules in a 

mixture of multiple compounds, especially if the composition of the mixture is not known prior to 

analysis. Furthermore, it can also provide information on the crystal structure, polymorph form or 

phase of the sample [86]. As shown in Figure 2-5, water and ice, which share their chemical 

composition, yield different Raman spectra due to the varying vibrational properties between the 

two phases.  
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Figure 2-4 Jablonski energy level diagram showing the electronic and vibrational transitions in a 

molecule including absorption, fluorescence, elastic scattering and Raman scattering 

[87], E = energy; h = Planck’s constant; c = speed of light; λ = wavelength) 

 

Figure 2-5 Raman spectra of water in liquid and ice form and dry ice [88]  

Raman spectroscopy has been shown to be very sensitive and capable of analysing both mineral 

and organic chemical composition at high spatial and spectral resolution, which is particularly 

useful for planetary exploration as high versatility and sensitivity to unknown materials are key for 

such an application [23], [51], [89]–[94]. In particular, the ability to identify both organic and 

inorganic compounds makes Raman spectroscopy uniquely versatile among other analytical 

techniques and allows it to address all three science goals of the proposed Europa Lander mission 

shown in Figure 2-1. 
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Furthermore, water is a weak scatterer and thus the interference of the ice matrix with the 

spectra of potential organic matter would be minimal [95], [96]. There is also no need for contact 

with the sample, thus avoiding any possible contamination. This does not only eliminate any 

terrestrial contamination but also cross contamination between different samples. Such a feature 

is especially advantageous for assessing the distribution of compounds. 

Raman spectroscopy is a rapid, non-invasive and non-destructive method capable of detecting 

solid, liquids and gases alike, without the need for any sample preparation. In fact, there have 

been reports of additional sample preparation degrading the obtained Raman signal [97]. These 

qualities are a major advantage for space applications as it reduces the complexity and possible 

failure modes. This is especially important for a mission to Europa where autonomy and simplicity 

of the instrumentation are highly desirable in order to ensure the success of the mission [19], 

[23]. 

Even though Raman spectroscopy is a relatively young technology compared to other molecular 

spectroscopy techniques, it is also one of the fastest growing areas within chemical composition 

instrumentation and it is used for a wide range of applications on Earth with excellent results. Due 

to continuous advancements in Raman spectroscopy and enabling technology, the field of its 

application is rapidly expanding [86]. 

Considering its capabilities, high versatility and numerous advantages, Raman spectroscopy is 

favoured by many for future in-situ space exploration [23], [51], [98]–[103], [53], [58], [70], [85], 

[89], [90], [93], [95]. Its potential is further highlighted by its inclusion in the payload of the most 

recent rover mission to Mars, Mars 2020 (developed by NASA), as well as the most imminent 

mission to Mars, ExoMars (developed by ESA & Roscosmos) [48]–[51]. Furthermore, it is also cited 

as one of the favoured instruments for the Europa Lander mission proposed by NASA [19], [26].  

However, Raman spectroscopy for planetary exploration has very limited flight heritage to date 

and there are a few notable challenges associated with the technique and its application for the 

detection of organics in space.   

2.3.1 Challenges: Mass and Size 

Despite being widely used on Earth, Raman spectroscopy has only recently emerged as a possible 

strategy for material characterisation for space exploration due to the recent advances in optics 

and laser technologies. Until recently, Raman spectrometers were heavy and large instruments 

that were not suitable for application in space. Even though the recent developments have 

allowed sufficient miniaturization in order to be considered for missions to Mars, there are still 
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improvements to be made in order to fit the requirements for a mission to more distant targets 

such as Europa or Enceladus where the size and mass constraints are substantially stricter [23], 

[51], [89], [98]. 

Furthermore, while miniaturized and portable Raman spectrometers have become common for 

terrestrial exploration, their spectral resolution and capabilities are significantly lower than that of 

the available laboratory equipment. The detection of organic material using these miniaturized 

systems has proven particularly challenging due to fluorescence, which is also one of the main 

limitations of Raman spectroscopy [51], [90], [95]. 

2.3.2 Challenges: Fluorescence 

Fluorescence occurs when a molecule is excited to a higher energy state upon receiving energy 

from the laser source and then emitting the received energy as it relaxes back to a lower energy 

state. This causes fluorescence interference in the spectra and it is one of the major concerns of 

Raman spectroscopy in the detection of organics and biological samples [51], [58], [91], [104]. 

Even though efforts have been made to eliminate or reduce this effect, these attempts usually 

result in size, mass or additional complexity trade-offs that are inconvenient for application in 

space exploration. 

There are various methods of reducing the effect of fluorescence in Raman spectroscopy. The 

simplest method of mitigating the fluorescence interference is using computational methods to 

subtract the fluorescence background from the data. A range of fluorescence reducing 

computational methods have been developed to date including baseline estimation using wavelet 

transformation [105], principal component analysis [106], and polynomial curve-fitting [107]. The 

major advantage of these methods is their independence of the instrument set up and no need 

for physical implementation. However, this also significantly limits their performance. These 

methods estimate the fluorescence baseline and subtract the fluorescent background from the 

Raman spectra, however, this is ineffective if the fluorescence background completely 

overshadows the Raman signature as it cannot discriminate between the Raman signal and 

fluorescence.   

In order to fully resolve the Raman signal from the fluorescence noise, computational methods 

need to be implemented in conjunction with a change of a physical parameter, such as the 

excitation wavelength in the Serially Shifted Excitation (SSE) method or the acquisition time in 

time gating. SSE is a computational method that processes a set of raw spectra of the sample 

collected repeatedly over a number of slightly shifted excitation frequencies, e.g. 1 cm-1 apart. 

The SSE algorithm then resolves the Raman and fluorescence components of the spectra by 
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numerically solving a matrix-vector system of equations constructed with the obtained data [108], 

[109]. SSE is based on Shifted Excitation Raman Difference Spectroscopy (SERDS) [110], which 

subtracts Raman spectra from a slightly shifted excitation wavelength but still fails to recover 

Raman bands if their intensity is less than the shot noise of the fluorescence. While SERDS uses 

only two excitation frequencies, SSE uses at least 3 shifted excitation frequencies to collect the 

raw spectra, which allows the SSE method to fully resolve the Raman and fluorescence spectral 

components and fully recover the Raman spectra even if completely buried in the fluorescence 

[108], [109]. This gives the method a significant advantage over traditional computational 

methods for fluorescence suppression. A comparison of the SSE output to other common 

fluorescence mitigation methods is displayed in Figure 2-6. However, it is also important to note 

that this method requires precise control of the laser source wavelength, which requires the use 

of tunable laser sources with a sufficiently narrow spectral linewidth, and which introduces 

additional complexity to the instrument design.  

 

Figure 2-6 A comparison of the SSE method and other common fluorescence mitigation methods 

using 4-bromo-N, N-dimethyl-aniline. (A) Fourier-Transform (FT) Raman spectrum 

acquired using 1064 nm laser. (B) Unprocessed dispersive Raman spectrum at 

785 nm laser. (C) Raman spectra processed using SSE. (D) Standard deviation (SD) 

Raman spectrum. (E) SERDS spectrum (using 2 spectra acquisitions). (F) Principal 

Component Analysis (PCA) Raman spectrum [111]. 
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Another highly efficient method of reducing the fluorescence background is time gating, such as 

implemented on SuperCam, one of the most recently launched Raman instruments for Mars 

SuperCam [50]. This method exploits the instantaneous character of Raman scattering as opposed 

to fluorescence which occurs in picoseconds to milliseconds after the Raman signal [90], [112], 

[113]. Collecting data only over short pulses of the operation of the excitation source can 

therefore exclude the fluorescence from the obtained spectra. This method can be very efficient, 

however, it also relies on fast pulsed lasers and excellent capabilities of the detector to resolve on 

the sub nanosecond timescale providing a sufficient time resolution. Time gating has until 

recently relied on complex streak cameras, which are traditionally heavy and not suited for 

spacecraft applications [90], [100], [101], [113]. Nowadays, single photon avalanche diode arrays 

(SPAD arrays) are capable of nanosecond time gating, which allows for miniaturization for their 

application in planetary sciences [90], [100], [101]. Despite being a very efficient method, it has 

not been able to avoid fluorescence all together, especially for organics where fluorescence takes 

place after sub-nanosecond intervals which has proven to be problematic to resolve with current 

SPAD arrays [90], [112].  

By far the simplest method of avoiding fluorescence interference is tailoring the wavelength of 

the excitation source to the detection target. The excitation wavelength of the laser source is one 

of the most critical design parameters in Raman spectroscopy as it is directly tied with the 

fluorescence interference, signal strength as well as the type of molecules detectable with the 

particular instrument. Various excitation wavelengths are suited for different molecules and some 

molecules may not be detectable with wavelengths within a certain range at all. Likewise, the 

excitation wavelength causing fluorescence is also dependent on the sample and its composition. 

For instance, most organics will exhibit fluorescence in the visible spectrum [58], [85], [104], 

[114], [115].  

Visible spectrum and near infrared (NIR) spectrum lasers have been most commonly used for 

Raman spectroscopy as they represent a well developed and readily available technology. This is 

also why they have been popular for miniaturized Raman systems as well [90]. UV and deep UV 

Raman systems are less common due to the lower technology readiness of UV lasers and other 

enabling technology associated with the difficulties of incorporating these high energy lasers into 

the Raman system.  

The general rule is that higher wavelengths approaching the infrared spectrum, such as 785 nm 

and 1064 nm, generate less fluorescence due to the decrease in the excitation energy that is not 

sufficient to excite the molecules to higher energy state [90], [113], [115], [116]. However, this 

also has direct implications on the resulting Raman signal, which decreases at longer wavelengths 
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as well. The intensity of the Raman scattering signal is inversely proportional to the fourth power 

of the excitation wavelength and thus longer wavelengths yield significantly weaker signals [90], 

[98], [115]. As a result of this, IR excitation source would generate largely fluorescence-free 

spectra but at the cost of generating very low Raman signal, which would make some molecules, 

especially those in low concentrations, undetectable [103]. 

Using near infrared excitation wavelengths has been common practice for the analysis of 

biological or organic samples in order to reduce the effect of fluorescence while partially avoiding 

the weaker signals of IR excitation. Particularly, the wavelength of 785 nm has been routinely 

employed for biological samples. However, this wavelength still exhibits fluorescence that is 

critical for some organic samples [90], [117]. The less common wavelength of 1064 nm has also 

been used, showing significantly decreased levels of fluorescence [117]. Nevertheless, the weaker 

Raman signal would make the detection of molecules dispersed in a low concentration solution 

very challenging [51]. 

An effective solution of reducing the fluorescence background interference is using a deep UV 

excitation wavelength as the fluorescence and Raman scattering signals are well separated in this 

region. This method is used on one of the most recently launched Mars Raman instruments, 

SHERLOC [118]. Figure 2-7 shows the fluorescence emission region of a number of different 

materials compared to the emission range of a DUV Raman system at 224 nm, 248 nm and 

266 nm.  

 

Figure 2-7 The fluorescence emission region of a number of different materials compared to the 

emission range of a DUV Raman system at 224 nm, 248 nm and 266 nm [119] 

Due to the inverse dependence of the Raman signal on the excitation wavelength, UV excitation 

yields very strong Raman signals compared to NIR, which is particularly favourable for detecting 

molecules at low concentrations [58], [85], [98], [115], [120]. Furthermore, organics often 

experience a resonance effect in the UV region which enhances the signal up to 106 times [114], 
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[115], [120]–[123]. This signal enhancement detected in carbonaceous and aromatic organics 

makes this method especially favourable for applications where the detection of biological and 

organic molecules is the primary interest [98], [104], [114], [115], [121], [122], [124].  

One of the concerns associated with deep UV Raman spectroscopy for the detection of organics is 

the thermal damage caused by the high energy laser source [86], [98]. The thermal degradation of 

the sample could greatly affect the quality of the resulting spectra. Up until recently, large Raman 

systems employing complex mechanisms keeping the sample in a continuous movement were 

necessary in order to avoid its degradation and to explore the fluorescence-free UV enhanced 

signals with resonance and pre-resonance effects. While advances in pulsed laser technology 

mitigate this issue to a certain degree, deep UV lasers are also traditionally sizeable and heavy 

instruments compared to visible and IR lasers, making their use somewhat limited for both 

terrestrial and extraterrestrial in-situ exploration. 

While visible and IR Raman systems have been proposed and studied as a viable solution for 

planetary exploration for over a decade now, deep UV Raman spectroscopy has only recently 

emerged as a possible life detection technique for space applications [85], [94], [98], [104], [120]. 

Recent advances in optics and laser technologies have allowed sufficient miniaturization of deep 

UV laser sources at a reasonable power input in order to be considered for extraterrestrial 

exploration [85], [98]. Especially in combination with time gating, this method could be a powerful 

tool in the search for extraterrestrial life. In fact, the Raman instrument on board of the Mars 

2020 mission uses deep UV excitation of 248.6 nm, further supporting the suitability of this 

technique for planetary exploration [49], [89], [98].  

An alternative technique to avoid fluorescence could be using dual or multi excitation instead of a 

single excitation source. This method combines two or more excitation wavelengths in order to 

collect spectra without fluorescence noise. This could be a very effective method, however, it still 

requires careful wavelength selection and it also calls for a significantly more complex design. 

Multiple excitation wavelengths can be implemented either by using separate laser sources with 

mechanically interchangeable optics or by coupling the optical path to fit both (or multiple) 

excitations. However, the former requires a precise mechanism for the optics change and cannot 

take simultaneous measurements at multiple excitations, which is not ideal for application in 

planetary sciences. This method is common for many lab or commercial Raman instruments, 

however, there is also a severe mass and size penalty using this approach. Likewise, the additional 

complexity associated with the optics mechanism does not make this method a very good 

candidate for planetary exploration. The latter has been proposed for a dual 532/785 nm 

wavelength Raman spectrometer relatively recently and uses dual-band gratings for the two 
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excitation laser lines [125]. The dual-band grating combines holographic gratings at a slight angle 

to one another, which creates two horizontal dispersion stripes across the detector and allows 

simultaneous measurements at both excitations [125]. This can be realized in a much smaller and 

simpler design and does not require any mechanisms, however, it is a conceptual design with a 

low technology readiness level that requires practical validation. Additionally, it is still 

considerably more complex than a single line Raman and could be ineffective for molecules at low 

concentrations or molecules that are either not detectable or experiencing high fluorescence at 

both 532 and 785 nm, e.g. nucleic acids. 

2.3.3 Challenges: Trace Detection 

One of the most limiting factors in Raman spectroscopy for the exploration of Europa is the limit 

of detection (LOD) as Raman spectroscopy is not particularly sensitive to trace molecules within 

sampled material. This is particularly concerning for the search for biosignatures on Europa and 

Icy Worlds as the concentration of the biomolecules is predicted to be extremely low [9], [19], 

[23]. As already mentioned in Section 2.2.2, the concentration of organics in the Europan ice could 

be in the order of ppb and as low as 0.01 ppb [9], [19], [23] and the Europa Lander Mission 

currently under development at NASA requires LOD for vibrational spectroscopy as low as 1 nM 

(0.1ppb) [19]. Detection at such low concentrations is not achievable with traditional Raman 

spectroscopy, however, methods of enhancing the limit of detection are available. These methods 

include Resonance Raman Spectroscopy (RRS), Deep Ultraviolet (DUV) Raman spectroscopy and 

Surface Enhanced Raman spectroscopy (SERS). 

The simplest method of enhancing the Raman signal strength is using a DUV excitation 

wavelength. The Raman signal is inversely proportional to the 4th power of the incident light 

wavelength and as such, deep UV Raman instruments can provide a much stronger Raman signal 

than the more traditional visible or NIR Raman instruments. While this provides significant signal 

enhancement, in practice the signal enhancement in the DUV region is also limited by the high 

laser energy, which may damage the samples [126]–[128]. Additionally, using DUV Raman 

spectroscopy alone cannot achieve signal enhancement of the order of magnitude necessary for 

trace detection in the Europan ice. 

RRS relies on the similarity of the energy of the laser excitation wavelength to the electronic 

transition of the examined molecules. This can improve the signal to noise ratio and enhance the 

signal by a factor of 102 to 106, however, it is also very molecule specific [129]. For instance, 

carotenoids tend to be resonant at visible excitation while aromatic amino acids, nucleic acids and 

polyaromatic hydrocarbons (PAHs) are resonant at deep UV excitation [130]. As such, this 
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enhancement cannot be successfully applied to all targeted molecules with a single excitation 

laser source and RRS does not represent a comprehensive solution. While the specific signal 

enhancement depends on the specific molecule and the excitation wavelength, even the 

maximum signal enhancement due to resonance is unlikely to be enough for trace molecule 

detection on Europa. For some molecules, RRS may be successfully combined with DUV Raman 

spectroscopy, however, this is still highly restrictive to specific molecules. While the LODs 

achievable with a combination of RRS and DUV Raman spectroscopy are potentially much lower 

than spontaneous Raman scattering and traditional Raman systems, it still falls short of the 

extremely low LOD required for a mission to Europa. 

One of the most effective methods of enhancing the Raman scattering signal is Surface Enhanced 

Raman spectroscopy (SERS), which was discovered in 1974 at the University of Southampton 

[131]. SERS exploits the amplification of electromagnetic fields via the excitation of surface 

plasmons concentrated on metallic nanostructures using noble metals such as silver or gold, 

which significantly enhances the Raman signal of the molecules. A signal enhancement by the 

factor of 107 to 1011 has been demonstrated using SERS [132], [133] allowing detection of organic 

molecules at concentrations as low as 10-3-10-17M (i.e. 1 ppth to 10-8 ppb) [134] with some studies 

also reporting single molecule detection [135]. This significant increase in sensitivity as well as 

SERS’ ability to increase the Raman signal by many orders of magnitude above the fluorescence 

background makes SERS particularly useful for low concentrations as well as for eliminating 

fluorescence interference [95], [132], [136], [137].  

However, SERS faces a few critical challenges in order to be considered for extraterrestrial 

exploration. SERS requires molecules to be dissolved into a solution with colloidal nanoparticles or 

dissolved and deposited onto a substrate material. Despite its considerable merits, SERS has not 

been able to gain grounds in real world applications due to the dependence of the SERS Raman 

spectra on the specific SERS substrate or colloid and its properties and associated reproducibility 

issues [138], [139].  

Metal colloids are widely used for this application but they also exhibit crucial issues with stability 

and reproducibility [140]–[142]. While colloids stable for several months have been reported in 

studies exploring the application of SERS for an in-situ Mars mission, this is nowhere near 

sufficient to survive the transfer time to Europa [136].  

SERS substrates are a slightly more controllable medium than SERS colloids and have been widely 

used in research, especially in biomedical and life sciences. However, SERS substrates face similar 

issues with stability and reproducibility, which has prevented the method from becoming a widely 

adopted analytical method. SERS substrate properties such as the material, its structure and the 
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suitability of the substrate material for a given excitation wavelength and molecule size can 

significantly affect the resulting Raman spectra [132]. Adapting SERS to UV Raman spectroscopy 

has been particularly challenging due to issues with finding material that is SERS active in the UV 

excitation region as the most efficient SERS active materials in the visible and NIR region, silver 

and gold, are not SERS active in UV [132]. Among materials tested to date, aluminium substrates 

show promising results [132], [143]–[145], however, more research is necessary to optimise the 

signal enhancement in the UV region. 

Furthermore, SERS spectra can also vary significantly depending on the location of the 

measurement within the same substrate [133]. Most importantly, SERS substrates are susceptible 

to oxidation and carbon contamination which degrades them over time, eventually leading to 

inactivity [146]. The longest reported period for a SERS substrate to retain its function is just over 

a year after production [147]. This limitation of conventional SERS substrates makes SERS 

incompatible with long duration space flight and planetary exploration, especially for distant 

targets such as Europa [141].  

Likewise, a very intimate contact between the substrate and the targeted molecules is needed to 

enhance the signal, potentially causing cross-contamination between samples or with terrestrial 

contaminants. Consequently, perhaps the most limiting factor for the use of SERS in a highly 

autonomous instrument suitable for a Europa lander mission is the deposition of the sample onto 

the substrate or the colloid material onto the sample. This process can be very well managed in a 

laboratory environment, however, it would require complex and precise mechanisms in order to 

ensure sufficient results in a fully automated instrument [95]. 

Likewise, the key factor greatly affecting the signal enhancement is the absorption capability of 

the target molecules. Since close proximity is key for signal enhancement, molecules that can 

absorb onto the substrate material exhibit high signal enhancement, however, molecules absorb 

to various levels and some molecules do not benefit from the SERS signal enhancement [148]. 

Studies have shown that the size of the target molecules has an effect on the factor of signal 

enhancement by SERS and some long organic molecules that are often associated with life in 

astrobiology may thus not benefit from SERS signal enhancement [149], [150]. However, this 

coupling of the molecule size with a substrate depends on the distribution of the metal 

nanoparticles within the substrate, which can be to a certain degree controlled. A more even and 

controlled distribution can be achieved either through modification of the chemical deposition 

process by introducing stabilising agents such as PVA or controlling the environment of the 

process [151]. This has been shown to control the size, shape and distribution of the nanoparticles 
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[151], however, the efficiency of this process is limited and it is still an area of active 

development. 

Another method of ensuring less variable SERS spectra and tailoring the substrate to the molecule 

size is using a nanostructured substrate surface, which can be designed with an extremely even 

and controlled surface geometry and thus produce more consistent Raman spectra [152], [153]. 

Additionally, it has been shown that surface roughness is one of the major factors in SERS signal 

enhancement, which gives rough nanostructured surfaces an advantage over simple nanoparticle 

deposition [143], [152]. However, this approach can be very molecule specific and similar to 

controlling the nanoparticle deposition process, it is still a subject of intensive research.  

Consequently, another significant drawback of SERS is that it is still a relatively new technology 

and the interpretation of the spectra can be challenging. The spectra obtained from SERS can 

differ to conventional Raman spectra and can also be affected by the chemical interaction with 

the metal particles of the substrate [154]. This is particularly concerning as the substrates and 

their effect on the molecules have not been fully understood yet and it has been challenging to 

reproduce substrate materials [141]. 

SERS has been widely used in biomedical sciences and attempts have been made to introduce this 

method in the field of in-situ instrumentation for planetary exploration [95], [103], [136], [137], 

[155]–[157]. These efforts have been mostly unsuccessful to date, however, most recently a 

promising novel in-situ activated SERS substrate concept has been proposed to mitigate the 

lifetime limitations of conventional SERS substrates [146], [158]. This method relies on the relative 

stability of AgCl nanoparticles that act as a precursor for the SERS active Ag nanoparticles [146], 

[158]. A layer of AgCl nanoparticles is deposited onto a base substrate and can then be activated 

in-situ using either UV or visible excitation [146], [158], which can be provided by the Raman laser 

before the measurement. The implementation of this method is shown in Figure 2-8. This method 

could ensure SERS substrates can survive the transfer to Europa or other planetary targets 

without any degradation. However, the in-situ activated SERS substrates produced with this 

method have not been fully characterized and understood yet in terms of the reproducibility of 

the Raman spectra and their lifetime once activated as well as effectiveness for various molecules. 

Additionally, there are currently no reference spectra for these substrates for molecules relevant 

for planetary exploration and further development is necessary for this method to achieve the 

required technology readiness level for planetary exploration. 

In conclusion, SERS is a potentially very effective method of signal enhancement and fluorescence 

suppression that could meet the extremely low LOD requirement of a mission to Europa and 

other Icy Worlds, however, substantial research into its implementation is necessary.  
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Figure 2-8 (a) SERS signal enhancement of otherwise undetectable Rh6G molecules using in-situ 

activated AgCl SERS at a varying number of submersion cycles during manufacture 

[158]. (b) A SEM scan of the AgCl non-activated (left) and activated nanoparticles 

(right) [158]. (c) An AFM scan of AgCl precursor non-activated nanoparticles 

deposited onto a quartz substrate as a part of this research at the University of 

Southampton to confirm the method. 

2.3.4 State-of-the-Art Instruments 

The current state-of-the-art Raman instruments for planetary exploration (SHERLOC and 

SuperCam on the Mars 2020 lander and ExoMars RLS respectively) have all been primarily 

designed for the detection of bulk minerals in the Martian regolith [48]–[51].  

SHERLOC, shown in Figure 2-9, uses a deep UV excitation wavelength at 248.6nm which shifts the 

resulting Raman spectra to a “fluorescence-free” wavelength range below 280nm [89]. SHERLOC’s 

deep UV excitation wavelength provides a much stronger Raman signal than the more traditional 

visible or NIR Raman instruments. Additionally, aromatic amino acids and polyaromatic 

hydrocarbons (PAHs) are resonant at deep UV and the resonant-enhanced Raman scattering 

enables the instrument to provide 1ppm to 0.01 wt% limit of detection (LOD) for these 

compounds [89]. While this is just enough to detect trace biosignatures in the Martian regolith, it 

may not be enough in all cases and it is still below the 1ppb to 0.01ppb LOD required for the 

detection of biosignatures on Europa [9], [19], [23].  

Furthermore, limitations in the laser/optics technology associated with the deep UV excitation do 

not allow SHERLOC to take measurements across the full spectral range of 150-4000 cm-1 

desirable for planetary exploration. It also limits SHERLOC’s spectral resolution to 49 cm-1 [118]. 

This is insufficient to identify many molecular species important to astrobiology as the spectral 

resolution required for unambiguous identification of most minerals is 8 cm-1 and 16 cm-1 for 

organic compounds at room temperatures [46]. Furthermore, SHERLOC’s limited spectral range 
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(810 – 4000 cm-1) cannot identify astrobiologically significant minerals such as hematite, sulfides, 

pyroxene, magnetite, plagioclase feldspars, ilmenite, and olivine. While studies have shown no 

sample degradation in many astrobiologically relevant samples, the 4.98 eV energy provided by 

the DUV laser also surpasses the 3.6 eV carbon-carbon bond dissociation energy [159], which 

makes sample degradation of organics a possibility without careful laser power selection [126]–

[128], [160]. 

 

Figure 2-9 The optical path (top) and prototype 2 (PT2, bottom) of SHERLOC and a 3D model 

(right), A DUV Raman instrument for the Mars 2020 mission [89] [161]. Mx: mirrors, 

OL: objective lens, AF: autofocus, SCNR: scanning mirror, BS: beam splitter, BE: beam 

expander, IO: imaging optics, CC: context camera, LR: laser rejection filter, P: pinhole, 

M: convex mirror, S: spherical reflector, G: grating. DUV laser radiation is represented 

by purple and the fluorescence/Raman emission from the target are represented by 

blue [89] 

The SuperCam instrument, shown in Figure 2-10, contains a Raman system with a pulsed 532 nm 

laser that allows stand-off spectral acquisition at 2-7 meters even in daylight [50]. SuperCam uses 

time-gating to reduce the impact of fluorescence by exploiting the instantaneous nature of Raman 
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scattering and separating it from fluorescence which typically occurs over a larger timescale after 

excitation [50]. However, as a stand-off instrument, SuperCam collects significantly less light than 

conventional instruments due to its high f-number. SuperCam also uses a lens-coupled iCCD 

design, which is key to survive the launch loads but reduces its sensitivity by ≥90% compared to 

traditional fiber-optic faceplate-based iCCDs [162].  

 

Figure 2-10 SuperCam’s transmission spectrometer cutaway rendering, the transmission 

spectrometer includes Raman and TRL spectroscopy, while providing enhanced 

capabilities for LIBS and passive VIS reflectance spectra [163] 

The ExoMars RLS Raman instrument uses a continuous-wave (CW) 532 nm laser source with a 

fluorescence quenching algorithm to optimize the SNR (Signal to Noise Ratio) of the collected 

Raman spectra and avoid fluorescence noise [51]. Notably, the same laser source is also used for 

the RAX Raman spectrometer designed for the Martian Moons eXploration (MMX) mission to 

Phobos set to launch in mid 2020s [164]. The RLS system pulses the laser while periodically 

collecting Raman spectra in order to identify changes in the fluorescent background and optimize 

the output [51]. Both RLS and SuperCam offer adequate spectral range (150-4000 cm-1) and 

spectral resolution (6 – 8 cm-1) for planetary exploration [50], [51], however, while their LODs are 

unpublished, the LOD required to detect biomolecules in the Europan ice is impossible to achieve 

with such systems [19].  
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2.3.5 Raman spectroscopy for Europa 

In summary, none of the existing flight Raman instruments for planetary exploration are currently 

adapted to detect life and its signatures at the required detection limits for lander missions to 

Europa and other Icy Worlds. This significantly limits the scientific output of the instruments as 

well as the science return of the mission as it restricts the search for life only to minerals and 

bioindicators in relatively high concentrations. This is a critical issue for the exploration of Europa 

and further research is necessary to adapt Raman spectroscopy for trace molecule detection.  

Likewise, the extreme thermal conditions on Europa could have a severe impact on the 

performance of Raman instruments as well as the instrument design requirements, which has not 

been addressed in research to date. Most Raman spectra are traditionally collected at room 

temperatures (15-25 °C), however, Raman spectroscopy relies on the vibrational properties of 

molecules and the molecular bonds, which are variable across different temperatures. As such, 

the extreme low temperatures on Europa can severely impact the measurements and spectra 

collected at much higher terrestrial temperatures are thus not representative of the spectra 

collected on Europa. Furthermore, these thermal changes within the spectra can be very molecule 

specific. To date, low temperatures have been shown to induce shifting of Raman bands towards 

lower or higher frequencies as well as changes in Raman band width and intensity [52], [165]–

[170]. The emergence of new Raman bands in the spectra or the diminishing of specific or all 

bands have also been reported [52], [166], [168]–[170]. As highlighted in Figure 2-11 showing the 

Raman spectra of water and saturated brine (NaCl in water) across a range of negative 

temperatures, low temperatures can have a considerable impact on the Raman spectra and 

further research involving relevant molecules is necessary [171]. 

While the Raman spectra of some simple molecules, such as water (shown in Figure 2-5), and 

some other inorganic materials not significant for astrobiology have been analysed at low 

temperatures, the data available is very limited [52], [165], [167]–[169], [171]–[173]. Only very 

few molecules relevant to astrobiology have been analysed at low temperatures. Raman spectra 

of some minerals relevant to planetary exploration have been obtained at temperatures between 

21 and -95 °C [170]. Some organic compounds including organic minerals, carboxylic acids and 

nitrogen-containing aliphatic and aromatic compounds, which are relevant for the search for 

extraterrestrial life, have also been studied, however, only in the temperature range from 5 

to -25 °C [174]. There is only very limited data available on the Raman spectra of compounds 

relevant to astrobiology at temperatures analogous to Europa including studies of methane, 

ammonia and some olivines [47], [52]. 
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Figure 2-11 Raman spectra of water/ice (top) and saturated brine, NaCl in water, (bottom) excited 

with 488 nm [171] 

A complete understanding of the thermally induced changes within the Raman spectra of relevant 

molecules at appropriate temperatures is crucial for an effective and accurate data analysis for 

any future in-situ mission to Europa and other Icy Worlds and requires further research. More 

importantly, the thermally induced changes in the spectra will affect the instrument design 

requirements, such as the required spectral resolution. This makes investigations into the effects 

of cryogenic temperatures on Raman spectra critical for the development of Raman instruments 

aiming to explore Europa.  

Other important detection limits that may severely impact the instrument design requirements, 

such as the effect of fluorescence or laser induced damage, have also not been fully assessed for 

molecules relevant for the exploration of Europa to date. Additionally, the adaptation of Raman 

spectroscopy for the exploration of Europa requires a further reduction in size and mass and 
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further miniaturization avenues need to be explored in order to meet the mission’s strict 

requirements. 

In conclusion, detection at extreme low concentrations and temperatures, as well as further 

miniaturization and identification of relevant molecular targets together with the impact of 

fluorescence and laser damage, represent critical issues for adapting Raman spectroscopy for any 

future missions to Europa and other Icy Worlds. These critical issues need to be addressed in 

order to allow the development of Raman instruments compatible with a mission to Europa and 

its scientific goals. 
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Chapter 3 Scope and Overall Methodology 

3.1 Aims and Objectives 

The aim of this research is to assess and identify the optimal design of a miniaturized Raman 

instrument for in-situ detection of biosignatures on Europa through the identification of the 

instrument critical design requirements, as well as to identify the limitations and future directions 

in Raman spectroscopy for the development of instruments compatible with a landed mission to 

Europa and its scientific goals.  

In order to build a reference frame for the suitability of the instrument for the exploration of 

Europa, high confidence and high priority biosignatures relevant to the search for life on Europa 

are identified.  The selected target molecules are then used to identify the most suitable Raman 

instrument configuration. This is achieved by assessing the detection limits and the effectiveness 

of various excitation wavelengths at detecting the target molecules in conditions analogous to 

Europa, i.e. at extremely low temperatures and in extremely low concentrations in an ice matrix. 

The detection limits explored in this study are the thermally induced changes and fluorescence 

interference in the Raman spectra of relevant molecules, sample degradation upon exposure to 

the laser excitation, and the sensitivity of various excitation wavelengths to relevant molecules at 

low concentrations. Please note that other potential detection limits relative to the search for life 

on Europa, such as high radiation or cosmic rays, are not within the scope of this project. 

However, they could be a suitable topic of any future work expanding this project further. 

The experimentally derived detection limits are then used to identify critical instrument design 

requirements and assess suitable instrument designs compatible with a mission to Europa, its 

constraints and scientific goals. Proposing an optimal design of a miniaturized Raman instrument 

for the detection of biosignatures on Europa and identifying limitations of contemporary Raman 

spectroscopy techniques then provides information on the future directions in Raman 

spectroscopy research for the exploration of Europa and other Icy Worlds. These aims and 

objectives are summarized in Figure 3-1. 
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3.2 Methodology 

In order to identify the optimal miniaturized Raman instrument design for the detection of 

biosignatures in the Europan soil, three separate milestones need to be achieved. These 

milestones are outlined in Figure 3-2. Each milestone represents a key objective to be achieved in 

order to successfully design an optimised Raman instrument for the detection of life on Europa. 

The achievement of each milestone also represents a novel contribution to science in terms of 

understanding the limitations of in-situ exploration of Europa and providing critical information  
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Figure 3-1 Aims and objectives with the applied method of research outlined below 
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Figure 3-2 Key milestones to achieve for the development of an optimal miniaturized Raman 

instrument for the detection of biosignatures on Europa  

enabling the development of Raman instruments capable of detecting life on Europa and other Icy 

Worlds. 

The high-level methodology employed to achieve the aims and milestones of this research is 

described below. Since each milestone requires highly specific methods and relies on the 

completion and results of previous milestones, a more detailed methodology description is 

included in the corresponding chapter covering each milestone, i.e. Chapter 4: Detection Target 

Molecules (Milestone 1), Chapter 5: Detection Limits (Milestone 2) and Chapter 10: Instrument 

Design and Requirements (Milestone 3). 

Milestone 1: First, a list of targeted molecules relevant to in-situ exploration of Europa needs to 

be generated. This is essential for identifying relevant detection limits and assessing the optimal 

instrument design as it is directly linked to the instrument design requirements, such as the 

spectral resolution and range. Since biosignatures specific to the search for life on Europa have 

not been discussed in detail in literature to date, a detailed review of the potential signs of life, 

their relevance, as well as priority for the exploration of Europa, needs to be completed. The 

assessment of the relative priority of potential biosignatures for the search of life on Europa is 

based on the likelihood of occurrence in terms of environmental conditions, biogenicity, 

abundance, uniqueness to life on Earth as well as representation in the 3 terrestrial domains of 

life and extremophile organisms living in sites analogous to Europa. 

Milestone 2: Samples of the selected target molecules are then examined in thermal conditions 

analogous to the Europan soil in order to identify critical detection limits and assess the suitability 

of various Raman instrument configurations for the detection of biosignatures on Europa. Raman 

instrument configurations including representative excitation wavelengths in the visible, NIR and 

UV range are used for the assessment. 

The effectiveness of the employed Raman configurations is measured by the quality of spectra 

obtained for each molecule, including the clarity and signal to noise ratio of the major Raman 

peaks necessary for identification, the severity of the fluorescence background and thermal 
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Specification
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degradation at various levels of fluence and total energy doses. The effect of extremely low 

temperatures is identified at each excitation wavelength and for each target molecule together 

with the minimum and maximum fluence and total energy dose necessary for successful and 

unambiguous detection. This provides information on the sensitivity of the excitation wavelength 

to relevant molecules, which is used to derive implications on the instrument’s limit of detection 

at extreme low concentrations analogous to Europa. The quantity and priority of representative 

target molecules detectable by each Raman excitation wavelength and the limits of their 

identification are then used as the measure of suitability for in-situ life detection on Europa. 

Milestone 3: The experimental results obtained in Milestone 2 are then used to derive critical 

instrument design requirements, such as the spectral resolution and range, for the development 

of an optimal miniaturized Raman instrument for the search for life on Europa. These 

experimentally derived design requirements are used together with the identified limitations 

associated with a lander mission to Europa, such as the payload mass and size, in order to assess 

and propose an optimal miniaturized Raman instrument design compatible with a landed mission 

to Europa. Finally, the results of this study are used to identify critical limitations of contemporary 

Raman instrumentation techniques for life detection on Europa and characterize future directions 

in Raman spectroscopy for the development of instruments fully compatible with a landed 

mission to Europa and its scientific goals. 
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Chapter 4 Detection Target Molecules 

In order to provide a reference frame and ensure an accurate assessment of the capabilities of an 

instrument for in-situ life detection on Europa, a representative list of targeted molecules 

corresponding to the mission objectives needs to be generated. Since biosignatures specific for 

the search for life on Europa have not been fully characterized in literature to date, this forms the 

first milestone of the research. 

The selection process, key considerations and the final list of identified high priority biosignatures 

for the search for life on Europa are described in the following sections. The results of this 

research form the basis for the selection of representative samples used in further stages of the 

research to identify the detection limits and test the capabilities of Raman instrumentation for the 

detection of life on Europa. 

4.1 Selection of the Detection Target Molecules 

There have been various attempts at identifying the most suitable biomarkers for the search of 

extraterrestrial life [5], [43], [53], [54], [57]. As indicated previously, the identification of 

biomarkers has generated some discussions in the scientific community due to the inherently 

ambiguous definition of life, as well as persisting question marks regarding the origin of life and its 

signatures [54], [55]. In some cases, attempts of identifying biosignatures for the search for 

extraterrestrial life published to date have also been proven to be erroneous. For instance, 

branched aliphatic alkanes with a quaternary substituted carbon atom were proposed as a 

potential biomarker of extraterrestrial life due to their widespread occurrence in ancient 

sediments [43]. Their source was unknown, however, they were believed to be of microbial origin 

[43], [175]. Their supposedly biological origin has since been disproven and their occurrence 

assigned to synthetic contamination related to the manufacture of plastics [176]. 

Additionally, most literature has been focusing on biomarkers relevant to the search of life on 

Mars. Despite the definition of a biosignature being largely universal, their relevance might vary 

depending on the environment and mission objectives. For instance, most extant biosignatures 

such as proteins or DNA would not survive the harsh radiation environment on the Martian 

surface and therefore fossil biomarkers have been mostly targeted to search for life on Mars [43], 

[54], [57], [177]. However, ice has very good preservation capabilities and macromolecules, such 

as DNA, that are otherwise unstable might survive for longer periods preserved in the Europan icy 

crust [23], [54], [177]. 
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While some general guidelines exist, biosignatures specific for the search for life on Europa have 

not been fully addressed in detail as of yet. For instance, the Europa lander concept study 

performed by NASA broadly outlines the targeted classes of biosignatures, namely amino acids, 

carboxylic acids, lipids and other molecules of potential biological origin (biomolecules and 

metabolic products) [19]. In order to assess the moon´s habitability and composition, the study 

also suggests targeting some biominerals, salts, radiation products and metals [19]. However, 

more specific targets need to be identified as these classes encompass a very broad spectrum of 

different molecules with different functions, properties and levels of relevance to the search of 

life on Europa. 

4.2 Methodology 

There are many factors to be considered when selecting and prioritizing the most relevant and 

representative target molecules for the detection of life on Europa.  

Some biomarkers, such as amino acids, nucleobases and lipids, are present in all known forms of 

life and therefore represent a highly uniform biosignature across all 3 domains of life [44], [57]. 

However, they could also be formed abiotically, without the presence of life, thus providing a 

highly ambiguous result in terms of detecting life. However, for their essential role in the 

formation of life, amino acids and carboxylic acids have also been more frequently targeted by 

studies of instruments for space application, while other molecules, such as adenosine 

triphosphate (ATP), nicotinamide adenine dinucleotide (NAD) and porphyrins, even though 

equally as essential and universal, have not been analysed by Raman instruments for space 

application yet [85], [98], [178].  

Molecules such as pigments or hopanes are only present in some organisms and can be quite 

specific to a class of microorganisms depending on their function. However, hopanes and 

pigments such as carotenoids, scytonemin, chlorophyll or phycocyanin do not have any known 

abiotic source and therefore, their detection would be a clear sign of life [43], [53], [54], [179], 

[180]. 

Moreover, some pigments are used by terrestrial extremophilic organisms as an adaptation 

technique or a protective mechanism from harsh environment. This is especially important for life 

on Europa due to its high radiation and UV light exposure, oxidative surface and extreme 

temperatures. For instance, scytonemin is the most common and widespread bacterial protection 

against damaging UV light [179], [181], [182]. Likewise, carotenoids are commonly found in 

radiation resistant organisms as they protect cells against oxidation and radiation damage [179], 

[183].  



Chapter 4 

41 

Furthermore, some biomarkers, such as ectoine or hopanes, are predominantly present in 

bacteria. However, since bacterial life is the most likely form of extraterrestrial life to be found on 

Europa, these compounds have higher priority than others that might be more uniformly 

distributed across eukarya, which is a more complex and developed domain and possibly highly 

specific to the environment on Earth [43], [54], [184].  

Likewise, despite being highly conserved across all living forms, specific chaperone proteins and 

their levels can vary among different organisms [185], [186]. However, they are present in large 

quantities in cells and therefore their detection is likely, especially in the case of heat shock 

proteins and if the molecule is subjected to a temperature change [43]. A temperature change 

would be hard to avoid during the excavation from the soil by a sampling system and the 

subsequent analysis in the vault of the lander. Additionally, different heat shock protein families 

can be structurally similar and yield representative spectra for the heat shock protein class [187], 

[188]. 

Some complex compounds such as proteins or complex lipids are highly unlikely to be produced 

abiotically. However, they could also prove to be too specific to terrestrial life as the Europan 

environment could have supported an evolution of protein or lipid like molecules dissimilar to 

their terrestrial counterparts.  

In this work the key considerations identified for the selection of the most appropriate molecular 

targets therefore include biogenicity, complexity and uniqueness to terrestrial life, stability and 

likelihood of occurrence in terms of abundance, representation among the 3 domains of life as 

well as in terrestrial organisms living in analogous environments. These considerations are 

described in Table 4-1 relative to how they are used in this study.  

For each examined group of molecules as well as individual molecule, each consideration is 

assessed based on existing literature sources and weighted against all other considerations. This 

assessment is then used to identify biosignatures significant for the search for life on Europa and 

classify each biosignature based on its priority. The identified biosignatures are presented in the 

following section together with a tabulated overview of the assessment and their priority 

classification. The classification criteria is described in more detail in the following section. The 

section also includes further discussion on the assessment of the key considerations and 

classification specifically for each molecular category. 
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Consideration Description 

Biogenicity Likelihood of biogenic origin or no known abiotic sources 

Uniqueness to 
Terrestrial Life 

Measure of how specific certain biosignatures are to terrestrial life, often 
related to their complexity or role and time of occurrence in the evolution of 
life on Earth 

Stability Ability to withstand harsh environments analogous to Europa and for 
geologically significant periods of time 

Abundance Expression in cells as well as overall abundance, especially in terrestrial sites 
and organisms analogous to Europa 

Environmental 
Likelihood of 
Occurrence 

Likelihood of occurrence on Europa based on occurrence in organisms in 
terrestrial environments analogous to Europa, often through adaptation or 
protection techniques in extremophile organisms 

Representation 
in Domains of 
Life 

A measure of abundance among the 3 terrestrial domains of life, especially 
focusing on expression in bacteria and archaea as the earlier and simpler 
forms of life on Earth 

Table 4-1 Key considerations for the selection of high priority biosignatures for the search for life 

on Europa 

4.3 Results and Discussion 

Based on the above stated criteria, the most relevant biosignatures for the search for life on 

Europa have been selected and assigned priority from A to F, A being the highest priority and F 

the lowest. A detailed review of the selected molecular targets is shown in Table 4-2, Table 4-3, 

Table 4-4 and Table 4-5. Table 4-2 summarises some conventional biomarkers for astrobiology 

such as amino acids and organic metabolic products, Table 4-3 reviews lipids, which is one of the 

largest biomarker categories due to its inherent stability and Table 4-4 shows the review of other 

important biomolecules such as proteins, nucleic acids and porphyrins. Inorganic biosignatures 

and some alternative targets for the search of life on Europa are reviewed in Table 4-5.  

Biosignatures in the A and B classes represent crucial target molecules for the detection of 

extraterrestrial life on Europa and signs of life that are the most likely to occur.  

Class C and D were assigned to important biosignatures that might be either harder to detect or 

their occurrence might not be as likely due to low abundance or high complexity and specificity to 

terrestrial life. These classes also include biosignatures that are less likely to confirm the presence 

of life unambiguously. 

Biosignatures assigned priority E and F are useful for the assessment of habitability or potential of 

life existing on Europa but unable or unlikely to prove its presence. These classes also contain 

biosignatures that are very rare or unlikely to occur. 
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Although not discussed in this study, other molecules that do not fall in the category of 

biosignatures, such as habitability markers and plausible inorganic molecules constituent to the 

Europan chemical composition, could also provide useful information regarding present, extinct 

or future life on Europa. They could also carry a significant impact on the detectability of some 

biosignatures and a detailed review of these compounds could be a subject for future research. 

The selection of molecular targets is discussed in more detail in the following sections. Each 

biosignature class is discussed and a review of key aspects contributing to its relevance for the 

search for life on Europa is provided. 
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Amino Acids L-Alanine B x x x NO x x x 

L-Aspartic Acid B x x x NO x x x 

L-Glutamic Acid B x x x NO x x x 

Glycine A x x x NO x x x 

L-Histidine A x x   YES x x x 

L-Leucine C x x x NO x x x 

L-Serine C x x x NO x x x 

L-Tryptophan C x x T NO x x x 

L-Tyrosine C x x T NO x x x 

L-Valine C x x x NO x x x 

α-Aminoisobutyric Acid E VR VR x NO     NPvl 

D-Isovaline E VR VR x NO     NPvl 

β-Alanine D R R x NO NP NP NP 

γ-Aminobutyric Acid D R R x NO NP NP NP 

Organic Metabolic Products Methane B x     NO h x xmg   

Dimethyl Sulfide A x     YES x x x 

Dimethyl Disulfide A x     YES x x x 

Methanethiol C x     YES x x x 

Table 4-2 Selected molecular targets: amino acids and organic metabolic products, note that the 

list of amino acids is not exhaustive, only a sample of some important amino acids 

has been selected (T – trace, R – rare, VR – very rare, NP – non-proteinogenic, h – not 

uniquely biogenic but unlikely to be abiotic at high levels, l – limited occurrence, vl – 

very limited occurrence, mg – methanogenic) 
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Carboxylic Acids Palmitic Acid A x x   NO u   x x 

Stearic Acid A x x   NO u   x x 

Myristic Acid B x x   NO u   x x 

Palmitoleic Acid C x x   NO   x x 

Ectoine A x x   NO l x l 

Isoprenoids Pristane B x x   YES xm x x 

Phytane B   x   YES xm x x 

Squalene C x     YES x x x 

Squalane C   r   YES x x   

Gammacerane C   x   YES x x   

  Hopanoids Diploptene B x r   YES   x l 

Diplopterol B x r   YES   x l 

Bacteriohopanetetrol B x r   YES   x l 

Hopanes C30 Hopanes A   x   YES   x l 

Carotenoids β -Carotene A x r   YES x x x 

α-Carotene B x r   YES x x x 

Lycopene B x r   YES x x x 

Lutein B x r   YES x x x 

Fucoxanthin C x r   YES     xm 

Astaxanthin B x r   YES x x x 

Fossil 
Carotenoids 

β -Carotane A   x   YES   x x 

Lycopane A   x   YES   x x 

Steranes 5α-Cholestane B   x   YES   l x 

Ergostane B   x   YES     x 

Sterols Ergosterol C x r   YES   vl x 

Cholesterol D x r   YES     x 

Table 4-3 Selected molecular targets: lipids (r – recent, u – not uniquely biogenic but abiotic 

formation unlikely or abiotic sources very rare, l – limited occurrence, vl – very 

limited occurrence, m – main source, mg – methanogenic) 
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Pigments Scytonemin A x     YES   x   

C-Phycocyanin C x     YES   x   

Chlorophyll a B x     YES   x x 

Nucleic Acids DNA A x r   YES x x x 

RNA C x r   YES x x x 

  

N
u
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b
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es
 Purines Adenine B x x  x NO x x x 

Guanine B x x  x NO x x x 

Pyrimidines Cytosine B x x    NO x x x 

Thymine B x x    NO x x x 

Uracil B x x  x NO x x x 

P
ro

te
in

s 

Chaperones HSP70 B x     YES x x x 

HSP90 C x     YES   x x 

CSP B x     YES x x x 

  ATP Synthase B x     YES x x x 

Carbohydrates Trehalose A x     YES x x x 

Teichoic Acids B x     YES   x   

Lipopolysaccharide B x r   YES   x   

Coenzymes  Nicotinamide A x     YES x x x 

NAD B x     YES x x x 

NADP B x     YES x x x 

Riboflavin C x     NO x x x 

FAD C x     YES x x x 

Oxalates Calcium Oxalate C x     NO u     x 

Porphyrins Protoporphyrin IX A x     YES x x x 

    
  

Hemin A x     YES x x x 

  Octaethylporphine B x     YES x x x 

  Fossil Porphyrins Nickel Porphyrin A   x   YES x x x 

Vanadyl Porphyrin A   x   YES x x x 

Phosphate Biomolecules ATP  A x     YES x x x 

Phosphoenolpyruvate C x     YES  x x x 

Table 4-4 Selected molecular targets: biomolecules (r – recent, u – not uniquely biogenic but 

abiotic formation unlikely or abiotic sources very rare) 
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Inorganic Metabolic Products Oxygen B x     NO h   x x 

Nitrous Oxide B x     NO u x x x 

Water B x     NO x x x 

Carbon Dioxide E x     NO x x x 

Sulfur Dioxide E x     NO     x 

Ammonia C x     NO   x x 

 Biominerals Weddellite B   x   NO u   x x 

Whewellite B   x   NO u   x x 

Mellite  E   x   YES     x 

Magnetite  D   x   NO   x x 

Silica D   x   NO     x  
Iron Sulfides Pyrite  C   x   NO   x   

Carbonates Aragonite  B   x   NO   x x 

Vaterite  B   x   NO   x x 

Calcite  C   x   NO   x x 

Dolomite C   x   NO   x x 

Magnesite D   x   NO   x x 

O
th

er
 

Cells/Bacteria 
Colonies 

Bacteroideted Flavobacteria E x     YES       

Proteobacteria Gammaproteobacteria F x     YES       

Table 4-5 Selected molecular targets: inorganic biosignatures and other targets (u – not uniquely 

biogenic but abiotic formation unlikely or abiotic sources very rare, h – not uniquely 

biogenic but unlikely to be abiotic at high levels) 

4.3.1 Amino Acids 

Amino acids are the fundamental building blocks of all life on Earth. They are also widely accepted 

biosignatures and have been commonly targeted by astrobiology missions. However, with the 

exception of examples such as histidine, most of the 20 fundamental amino acids most commonly 

used by terrestrial life can be formed abiotically [189]. While amino acids can be formed without 

the presence of life, life itself cannot exist without amino acids. Therefore they represent a 

suitable, if not unambiguous, target. 

The biogenicity of some important amino acids most commonly used by terrestrial life is shown in 

Figure 4-1 [19], [189]. Other non-terrestrial amino acids have been found on meteorites and do 

not represent a sign of life [56]. It is unclear whether life can be based on these amino acids, 
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however, it indicates that different non-terrestrial amino acid structures can evolve in different 

parts of the universe and therefore could be the building blocks of extraterrestrial life. 

Glycine, the simplest amino acid and one of the likely first steps in the origin of life on Earth, could 

represent an early evolutionary stage necessary to build more complex amino acids. Furthermore, 

the accumulation of glycine can lower the freezing point of cytoplasm and shows an increased 

expression in psychrophilic organisms [190], [191]. This makes it an exceptionally suitable 

molecular target for the search of life on Europa.  

Some non-proteinogenic amino acids are not usually associated with life as they occur in nature 

only very rarely, for instance D-isovaline and α-aminoisobutyric acids only occur in some 

microfungi and are often considered to be abiotic [192]. The detection of these amino acids could, 

however, provide useful information regarding possible meteorite contamination and their ratios 

to biotic amino acids is a useful tool to assess the potential of life arising on Europa. 

 

Figure 4-1 Biogenicity of some important amino acids (redrawn based on data from [19], [189]), 

Gly – Glycine, Ala – Alanine, GluA – Glutamic Acid, AspA – Aspartic Acid, Leu – Leucine, Ser – 

Serine, Val – Valine, His - Histidine,  AIB - α-Aminoisobutyric, iVal – Isovaline, GABA - γ-

Aminobutyric Acid, BAla – β-Alanine 

4.3.2 Carboxylic Acids 

Carboxylic acids are widespread in nature due to their crucial role in cellular membrane formation 

essential for the early evolution of cellular life [193].  

Long-chain fatty acids with more than 5 carbons in their alkyl chain form the phospholipids in the 

membranes of most living organisms (bacteria and eukarya) with the exception of archaea, which 

uses isoprenoids to form membrane lipids  [193], [194]. However, evidence shows that long chain 

fatty acids, especially palmitic acid, are also used by some archaea [195]. Even though fatty acids 

can also be synthesized abiotically, the process is not likely to produce very long straight chain 

acids [43]. Abiotic carboxylic acids found on meteorites only contain up to 12 carbons in their 
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chain [196]. Additionally, they are quite stable and for this and their uniformity among many 

organisms, they are also considered to be high priority biosignatures of extinct and extant life for 

space exploration [43], [197].  

Acids with even numbers of carbons (C14, C16, C18, C20 etc.) are predominantly used by 

terrestrial life as 2 carbon atoms are attached at a time during their synthesis (5 in archaea) [198]. 

Palmitic acid (C16), stearic acid (C18) and myristic acid (C14) are the most common and abundant 

fatty acids across organisms [199], [200]. Membrane fatty acids in psychrophiles tend to have 

shorter carbon chains [191], palmitic acid being the most universal and the most abundant, 

followed by stearic or myristic acid depending on the organism strain [201]–[204]. 

While saturated fatty acids tend to be more common across terrestrial organisms, the levels of 

unsaturated fatty acids are increased in psychrophiles [190], [191], [205]. Especially common is 

palmitoleic acid, C16:1 [200], [204]. Nevertheless, unsaturated fatty acids are not as stable as 

saturated fatty acids and are prone to oxidation, which makes them less favourable as target 

biosignatures [206]. 

Ectoine is a carboxylic acid that acts as an osmoprotectant in extremophiles and represents one of 

the most widespread osmolytes among organisms [207]. It is synthesized predominantly by most 

bacteria but also by some archaea and eukarya [207]. Apart from its function as an 

osmoregulatory compatible solute, ectoine plays an important role in protecting biomolecules or 

entire cells from harsh environments such as freezing, high temperatures or salinity [207]–[209]. 

Studies have shown that it also protects eukaryotic cells from ionizing radiation and UV damage 

[207], [208]. In fact, among other common compatible solutes (hydroxyectoine, trehalose, 

sucrose, maltose, betaine) ectoine and trehalose (discussed in Section 4.3.7) were found to be the 

most prominent osmoprotectants [209]. 

4.3.3 Isoprenoids 

Isoprenoids are a class of uniquely biogenic and extremely geologically stable molecules, many of 

which have been commonly used as organic biomarkers of biomass in terrestrial sediments [210]–

[212]. All organisms synthesize or require isoprenoids and due to their inherent stability and 

resilience to biodegradation, they are an excellent target for astrobiology [43], [54], [213]. 

Pristane and phytane are products of chlorophyll biodegradation and are found in marine 

sediments as a biomarker of fossil photosynthesizing microorganisms [211], [212]. They have no 

known abiotic source and their stability and persistence make them a reliable biosignature of 

fossil life [212]. Pristane can also signal extant life since it commonly occurs in living organisms 
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and very recent sediments [210], [211]. It is especially widespread in marine life and can be found 

in most, if not all, marine organisms [214]. Nevertheless, as biomarkers of phototrophic life, 

pristine and phytane might not be as prominent on Europa, if present at all, given the low solar 

radiation influx. 

Squalene is an isoprenoid similar in structure to β-carotene and can be found widely in nature 

both in prokaryotes and eukaryotes [215]. It is a crucial biosynthesis intermediate of sterols and 

hopanes and both squalene and its fossil form squalane commonly occur in terrestrial sediments, 

especially in hypersaline environments [43], [215]–[217]. However, squalene is known to be 

unstable compared to other isoprenoids and subject to degradation on Earth due to its 

photosensitivity and while it is abundant in living organisms and recent sediments in its fossil 

form, its role in the fossil record is not as prominent [43], [217], [218]. While this lead to squalene 

being assigned a lower priority for the search for life on Mars [43], Europa´s significantly lower 

solar influx and layers of ice could, to a certain degree, limit the photodegradation effect.   

The most prominent isoprenoids in the terrestrial fossil record are hopanes, the fossil 

counterparts of hopanoids from cellular membranes of bacteria and some eukaryotes [5], [216]. 

Hopanes are highly chemically stable and can survive in sediments for billions of years, which 

makes them highly attractive targets for searching for microbial life in sediments [54], [179], 

[219]. They have been used as bacterial biomarkers in terrestrial fossil records and have also been 

suggested as biosignatures for the search of extraterrestrial life [5], [43], [53], [54], [179], [216]. 

The most common source of hopanes in sediments are bacteriohopanetetrol, which is the most 

common hopanoid in prokaryotes, and diploptene and diplopterol, which are the most 

widespread hopanoids [43], [54], [216]. The most abundant hopanes in terrestrial fossil records 

are isomers of C27-C35 hopanes, especially isomers of C30 hopanes [216], [220]. 

Another class of isoprenoids particularly important for astrobiology is carotenoid pigments. They 

are one of the most common pigments in nature and are widespread among both prokaryote and 

eukaryote organisms [180]. In marine environments, carotenoids are the most widespread 

pigments biosynthesized by organisms ranging from bacteria and archaea to fungi (especially 

marine yeast) and algae [221]. Carotenoid pigments are vital for energy harvesting but they also 

play an important role in UV protection of cells and damage repair [180], [183], [221]–[224], 

which makes them an excellent target for the search for life on Europa. 

Just like other isoprenoids, carotenoids have no abiotic source and have been named as potential 

biomarkers for astrobiology [43], [53], [180]. Some of the most common carotenoids on Earth 

include β-carotene, α-carotene, lycopene, lutein, fucoxanthin and astaxanthin [221]. Some 
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carotenoid pigments, such as β-carotene, are very common among a wide range of organisms, 

while others can be specific to a particular branch of species [43], [180], [225]. For instance, 

fucoxanthin is mainly biosynthesized by brown marine seaweed [221], [223]. 

β-carotene could be especially crucial for the search for life on Europa due its photoprotective 

properties. β-carotene has been shown to protect extremophile cells from radiation, UV oxidative 

stresses and aid cell damage repair [179], [180], [183], [221]–[226], and like other carotenoids, 

represents a common cold adaptation feature in psychrophile organisms [190], [224], [226]–

[228]. Its protective properties and widespread occurrence signalling an origin at an early 

evolutionary stage make β-carotene a high priority target for life detection on Europa. 

The diagenetic fossil counterparts of general carotenoids, such as β-carotane or lycopane, are 

exceptionally stable over geologically significant periods of time and can be preserved for up to 

1.6 billion years [229], [230]. The preservation of intact general carotenoids depends on the depth 

and oxygen levels in the environment, however, they have been reported to survive up to 20 

million years in sediments with low oxygen concentration [230], [231].  

Gammacerane is more stable than hopanes and represents one of the major biomarkers in the 

analysis of depositional environments on Earth [232]. High concentrations of gammacerane are 

commonly present in stratified water columns and signal highly reducing hypersaline conditions 

[216]. However, in general it is not as abundant as hopanes [43], [216]. 

Steranes, fossil derivatives of sterols, are also very stable chemical compounds often found in 

fossil organic matter [5], [43], [44], [57], [233]. There are reports of sterane extraction from shales 

2.7 billion years old [57], [219]. Tetracyclic triterpanes such as cholestane and ergostane 

represent some of the major sterane hydrocarbons found in fossil material on Earth [233]. Their 

extant forms, cholesterol and ergosterol, represent the most common sterols produced by 

eukaryotes. Compared to hopanoids, both steranes and sterols receive a lower priority ranking for 

the search for life on Mars as sterols require oxygen for synthesis, the presence of which on early 

Mars is uncertain [43], [179]. However, Europa´s thin atmosphere almost entirely composed of 

oxygen could easily provide enough oxygen for aerobic life [234]. Nevertheless, besides a few 

representatives of bacteria, sterols are almost exclusively produced by eukaryotes [235]. 

Representing a later and more complex evolutionary stage of organisms on Earth, eukaryotes 

might not be present on Europa or might not use similar patterns, making sterols a somewhat less 

reliable biosignature. Sterols can also be quite kingdom-specific [43], [235], making their 

detection more complex. Furthermore, sterols are less stable than hopanes [43], [236]. 
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4.3.4 Pigments 

Scytonemin is a highly stable sunscreen pigment present in the extracellular sheath of bacteria to 

protect cells from harmful UV radiation [182], [226]. This is especially important in the high 

radiation zone at Europa. It is predominantly synthesized by cyanobacteria and represents an 

important UV protective mechanism for extremophilic life [182], [226]. Besides carotenoids it is 

the most common photoprotection pigment used by cyanobacteria [225]. Furthermore, it has 

been identified as a unique and unambiguous sign of life [53]. 

Likewise, the light-harvesting pigments phycocyanin and chlorophyll have been suggested as 

unique to life and unambiguous biosignatures for astrobiology [53]. Chlorophyll is the most 

common photosynthetic pigment on Earth and is abundant in plants, algae and bacteria [237], 

although absent in archaea [238]. Similar to carotenoids, it also protects cells from excessive UV 

radiation and oxidative stress [223]. Phycocyanin is an analogous bacterial photo-harvesting 

pigment with antioxidant properties produced by cyanobacteria [239]. However, while 

photosynthesis is a process uniquely associated with life and perhaps the most important process 

for the evolution of life on Earth, light-harvesting might not be a dominant source of energy for 

organisms on Europa due to its low levels of Sun radiation. In fact, phototrophic life might not be 

a part of Europa´s biomass at all. Thus, despite being an attractive molecular target for the search 

of life on Mars, the significance of photo-harvesting pigment biomarkers for the exploration of 

Europa is somewhat reduced. Furthermore, the production of phycocyanin in bacteria is 

dependent on optimal light conditions and is mostly common in tropical environments [239]. 

4.3.5 Nucleic Acids & Nucleobases 

Nucleic acids, macromolecules responsible for storing terrestrial genetic information, are essential 

for all life on Earth and due to their high complexity they are a definitive evidence of the presence 

of life [43], [240]. They are biopolymers composed of sugars, phosphates and nucleobases, most 

commonly known as DNA and RNA. Nucleobases, the building blocks of nucleic acids, have also 

been found on meteorites delivered to Earth from space [240]–[242]. This suggests that 

extraterrestrial life could easily adopt similar macromolecules to DNA and RNA to store genetic 

information [240].  

The drawback of nucleic acids as biosignatures for the search of extraterrestrial life is their 

relative instability [43], [54], [240]. DNA and RNA are easily susceptible to biodegradation and 

hydrolysis outside of living cells [54]. This is also why they are often assigned a lower level of 

importance for the search for life on Mars as they would not survive the strong UV radiation and 

oxidizing conditions of the Martian surface [54], [240]. This is also why nucleobases (adenine, 
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thymine, uracil, cytosine and guanine), which are significantly more stable, are often favoured as 

biosignatures for the search of Martian life [54]. However, nucleobases can also be formed 

abiotically and, while they are crucial building blocks of life, compared to nucleic acids they do not 

represent compelling evidence of the presence of extraterrestrial life.  

While it is unlikely nucleic acids would survive the harsh radiation environment on the surface of 

Europa, the extreme low temperatures and presence of salt in the sub-surface layers of the 

Europan ice could easily preserve nucleic acids or their remnants for significant periods of time. 

While the theoretical life span of nucleic acids is between 50,000 and 100,000 years [240], [243], 

there are reports of DNA recovered from ice in Greenland that are estimated to be between 

450,000 and 800,000 years old [244]. Others report ancient DNA and even living organisms from 

millions of years old brine samples [240], [245], [246]. On Europa, living organisms could also be 

preserved in ice in a state of inanimation, similar to terrestrial psychrophiles living in extreme cold 

environments. Frozen bacteria on Earth have been reported to survive up to half a million years in 

the state of cryopreservation [247]. This would leave their genetic code intact and protected 

within their cells as DNA continues to be slowly repaired and maintained in the state of 

inanimation [247], [248]. This also makes nucleic acids a significant biosignature for the search of 

life on Europa, even despite their relative instability on Earth or Mars compared to other 

biosignatures such as lipids and amino acids. 

4.3.6 Proteins 

Proteins are uniquely biotic complex molecules formed of long chains of amino acids and are an 

essential element for all life. They are not as stable as lipids and are subject to biodegradation 

outside of living cells [54], which is why they have been classified as biomarkers of extant life only 

and have not been assigned significant importance for the search for life on Mars [54]. However, 

while fossil biosignatures are mostly targeted for the search for life on Mars due to the unlikely 

presence of extant life forms [54], the Europan environment could easily harbour living organisms 

and the search for extant biosignatures is not unjustified. Additionally, similar to DNA, proteins 

could also benefit from the preservation capabilities of the Europan icy crust, being conserved or 

partially conserved in organisms undergoing cryopreservation while sustaining some degree of 

metabolic activity [247].  

Proteins have also been found preserved within bones and other fossilized tissues and minerals 

for millions of years [54], [249], [250]. Cold environments have been identified as particularly 

beneficial for preservation [250].  
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While proteins are complex molecules and possibly specific to life on Earth, the conservation of 

some across all life forms, such as ATP synthase, suggests its formation early in the evolutionary 

stages of life [251]. This could make its formation in other extraterrestrial environments more 

likely. ATP synthase is an enzyme complex that produces ATP, a phosphate that serves to store 

energy. Due to its crucial role in sustaining life and early evolution in organisms, it is highly 

universal across all life on Earth and as such, it is an attractive biosignature for astrobiology [43], 

[251]. 

Similarly interesting targets for astrobiology are heat shock proteins that act as molecular 

chaperones in cells and assist the folding and synthesis of proteins [43]. They are highly conserved 

across all organisms and are present in high concentrations in cells, especially when subjected to 

environmental stress which can increase their concentration up to 30% of the proteins within a 

cell [185], [186], [252]. For their function as an adaptation mechanism to changes in 

environmental conditions and stresses such as temperature, salinity, pH, dehydration, oxidative 

damage, heavy metals or high intensity irradiation, they are especially important for the survival 

of extremophile organisms [186], [253]. This is particularly relevant for the search for life on 

Europa due to its harsh environment. 

Among the heat shock protein families, HSP70 is present virtually in all living organisms and in 

psychrophilic organisms, HSP70 and HSP90 have been found the most uniform and abundant 

[186], [253].  

Similarly, cold-shock proteins have been studied as the key mechanism allowing the survival of 

organisms in the cold environments of icy moons. [254] CspA, the most dominant among the cold 

shock proteins [255], [256], can reach up to 10% of the total protein production in a cell during 

the cold shock adaptation process [257], [258]. This signals about a 4 – 5 fold increase in 

production from the unstressed state [259]. There has even been evidence of 50 fold increase in 

the levels of CspA at low temperatures [256]. This increase might also aid the detection by a 

lander instrument as a sample excavated from the Europan subsurface would most likely 

experience a change of environmental conditions before being presented to the instrument. CspA 

production in a cell is not only limited to a cold shock state; CspAs are also present and fairly 

abundant at optimal temperature growth [256], [260].  

4.3.7 Carbohydrates 

Teichoic acids and lipopolysaccharides have been proposed as biosignatures of extraterrestrial life 

due to their crucial role in the formation of bacterial cellular walls [43]. Teichoic acids are 

polysaccharides that are the major component of cellular walls in Gram positive bacteria [261], 
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[262]. They can constitute up to 60% of the cell membrane and are present in most Gram positive 

bacteria [262], [263]. Similarly, the outer structure membranes of Gram negative bacteria are 

formed by lipopolysaccharides [262]. Neither teichoic acids or lipopolysaccharides can survive for 

geologically significant periods of time, as teichoic acids are susceptible to degradation and 

lipopolysaccharides have only been detected in very recent sediments [54]. However, for their 

high abundance in cells and crucial role in forming bacterial cellular structure, both teichoic acids 

and lipopolysaccharides are a very promising bacterial biosignature of extant life. 

Similarly to ectoine (see Section 4.3.2), trehalose is an osmoprotectant that protects cells against 

harsh environmental factors, particularly freezing, dehydratation and oxidative stress [190], [264], 

[265]. It has been identified as one of the most effective osmoprotectants among other common 

compatible solutes [209]. Trehalose is used by all domains of life and it is particularly common in 

psychrophiles and organisms that undergo inanimation in extreme cold conditions [186], [190], 

[264], [265]. Similar to heat shock proteins, its expression was also found to increase after a 

sudden change of environmental conditions [186]. As such, it represents an incredibly attractive 

biosignature of life for the exploration of Europa. 

4.3.8 Coenzymes 

Nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate 

(NADP) are metabolites of ATP responsible for electron transfer within cells [266], [267]. They are 

essential to maintain the function of living cells and are present in all known forms of cellular life 

[266], [267]. Their uniformity across all terrestrial life could signal an early evolution and their key 

role in the function of living cells indicates that a similar mechanism, if not the same, could be 

adopted by extraterrestrial life. They have been previously proposed as biomarkers for the 

exploration of Mars [43], [268] and their importance in the function of cells also makes them a 

very interesting general biomarker of life regardless of the planetary target. 

The common base and an essential component of NAD and NADP is nicotinamide, an active form 

of vitamin B3, which could serve as a general indicator of their presence [269], [270]. While 

vitamin B3 has been found on meteorites and nicotinamide can be prepared in laboratories [56], 

there are no natural abiotic sources of nicotinamide and it is believed that prehistoric cells 

synthesized it into NAD de novo [271], [272]. 

The role of electron transfer, similar to NAD and NADP, is also fulfilled by flavin adenine 

dinucleotide (FAD), which is equally as crucial to all life on Earth and also has been suggested as a 

biosignature for the exploration of Mars [43], [268]. Similar to NAD, its importance also applies to 

other extraterrestrial sites, including Europa. Its precursor is riboflavin, vitamin B2, which is also 
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essential to terrestrial life [273]. Despite not being uniquely biogenic [269], riboflavin could also 

be a good indicator of the presence of FAD and a good general biosignature. 

4.3.9 Metabolic Products 

Signs of metabolic activity can represent very strong biomarkers since metabolic products tend to 

be present in higher concentrations than the biosignatures producing them [19]. However, most 

end products and by-products of metabolism can be also formed abiotically and therefore do not 

represent an unambiguous sign of life on their own [19], [274]. Nevertheless, their abundance or 

their presence alongside other potentially biogenic compounds as well as patterns associated 

with biogenicity could provide compelling evidence of their biogenic origin [19], [274]. 

Metabolic products vary among different lifeforms, however, the most widely discussed gaseous 

metabolic products associated with life on other planets are oxygen (O2) and its product ozone 

(O3), nitrous oxide (N2O) and methane (CH4) [274]–[276].  

All of these chemicals can be also formed abiotically, however, they still remain an important 

biosignature as their relative abundance is a very strong indicator of metabolic processes [274]. 

Both O2 and CH4 are highly reactive and therefore can only remain present in high quantities if 

there is a mechanism continuously producing them [274]. There are no abiotic processes that 

could continuously form O2 and therefore large quantities of this gas can only mean that 

metabolic activity is present [274]. Similarly, CH4 is highly unstable and can only exist in high 

quantities if produced continually, typically through processes associated with life [274]. In this 

case, however, smaller amounts of CH4 can also be produced by volcanic activity [274], [276].  

While there are a few minor inorganic sources of N2O on Earth, it is produced almost exclusively 

by microbial oxidation-reduction reactions and thus represents a relatively solid biosignature 

[275], [277] [276].  

Similarly, dimethyl sulfide (DMS) and dimethyl disulfide (DMDS), metabolic by-products of both 

prokaryotic and eukaryotic life forms, also do not have any known abiotic sources [274], [278], 

[279].  

Methanethiol, a metabolic intermediate of DMS and DMDS and an end product of biomass 

degradation, can be found in sediments and represent a biomarker of metabolic activity [280], 

[281]. However, its concentration in sediments was found to be significantly lower than the 

concentration of DMS [281]. 
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Ammonia (NH3) is a significant metabolic waste product of terrestrial organisms and represents a 

promising biosignature for extraterrestrial exploration [276]. However, primordial ammonia could 

be present on Europa without the contribution of any living organisms [276]. Despite not being an 

unambiguous sign of life, ammonia is still an important indicator of life due to its key role in 

metabolic processes.  

Other biosignature gases such as carbon dioxide (CO2) or sulphur dioxide (SO2) are not particularly 

useful as signs of life due to their significant abiotic sources [274]. However, as radiation products, 

their detection could be a useful habitability marker on Europa. 

Water (H2O), while amongst the most important products of metabolic processes, does not 

represent a significant sign of life due to the relative abundance of its abiotic form that greatly 

out-weights any biogenic sources. Nevertheless, its crucial role in the formation and sustainability 

of life makes liquid water an important habitability marker of great significance to astrobiology 

[9], [274], [275]. While the presence of liquid water on Europa has already been widely accepted 

based on existing evidence [33], this is yet to be confirmed in-situ. 

4.3.10 Porphyrins 

In terrestrial life, porphyrins are globally occurring molecules that are used virtually by all forms of 

life as we know it [124]. They are exclusively biogenic and stable for long periods of time, which is 

why they have been suggested as an ideal and unambiguous sign of life for astrobiology [43], 

[282]. The precursor of porphyrins, chlorophylls, heme and bacteriochlorophylls, are crucial 

molecules for metabolic processes performed by terrestrial cells and are believed to have 

occurred early in the evolution of life [124]. This would also suggest similar molecules could have 

evolved elsewhere in the universe [124]. Porphyrins previously studied for the purposes of 

astrobiology include protoporphyrin IX, hemin and octaethylporphine [124]. 

Porphyrins complexed with metals are significantly more stable and can be found in terrestrial 

sediments as molecular fossils of chlorophylls and related biomolecules, most commonly as nickel 

or vanadyl porphyrins [283], [284].  

Recent studies have also suggested that porphyrins could have formed abiotically on prebiotic 

Earth, however, the porphyrins produced differ to the biosynthesized porphyrins of extant 

terrestrial life [285], [286].  
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4.3.11 Phosphate Biomolecules 

One of the most fundamental molecules for all life on Earth is adenosine triphosphate (ATP) [287], 

[288]. It serves as a universal intercellular energy transfer mechanism for all forms of life [287], 

[288]. Additionally, it is also uniquely biogenic [5]. This has already placed it on a list of suitable 

biomarkers for Mars exploration [43], however, its crucial function makes it a highly ubiquitous 

biosignature of life regardless of the location within the universe or environmental conditions. A 

similar function is also carried out by phosphoenolpyruvate, which is an important intermediate in 

living organisms and also has been identified as a possible molecular target for Mars exploration 

[43], [289]. Neither of these molecules can survive outside a cell for geologically significant 

periods of time and have been used only to signal the presence of extant biomass [43], [290], 

[291]. While extant forms of life might be unlikely on Mars, the Europan ocean or even subsurface 

layers of its icy crust might be rich in living microorganisms, making extant biomarkers an 

important tool for life detection. 

4.3.12 Biominerals 

Life leaves an imprint in its surrounding inorganic environment, which can be used as a 

biosignature in the search of extraterrestrial life [193]. Most notably, life creates inorganic 

compounds (minerals) through a process known as biomineralization, which is widely adopted by 

organisms from all domains of life, from bacteria to mammals [193], [292]. Biomineralization 

forms mineralized tissues, such as bones, cell walls, teeth and shells that can be preserved for 

long periods of time. This is also why they are excellent biomarkers in the search for fossil 

extraterrestrial life. 

Calcium oxalate minerals are by far the most widespread in nature and they represent the most 

abundant group of organic minerals found in sediments [293]–[295]. Calcium oxalate minerals 

occur in two hydration states, whewellite (monohydrate) and weddellite (dihydrate), whewellite 

being the more stable hydrate [293]. Moreover, calcium oxalates can account for up to 80% of the 

dry weight of some plants [295], [296]. Calcium oxalate minerals stem from the organic 

compound calcium oxalate and both calcium oxalate and its hydrated mineral forms have been 

proposed as unambiguous signs of life for extraterrestrial exploration [53], [297]. However, 

calcium oxalate can also be produced by very rare geological processes abiotically [297].  

Another exclusively biogenic mineral is mellite, which is formed from mellitic carboxylic acid [53], 

[298]. However, mellite is an incredibly rare mineral on Earth [298], [299], and while it could be 

present elsewhere in the universe in a greater abundance, based on its rarity on Earth, the 

likelihood of occurrence on Europa is relatively low compared to other biominerals.  
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Although not exclusively biogenic, silica is one of the most widespread biogenic minerals on Earth 

[300], [301]. It is predominantly produced by diatoms, single cell algae, and represents one of the 

dominant minerals in terrestrial marine sediments [300]–[302]. It has been proposed as a suitable 

biomineral target for astrobiology and could also serve as a measure of habitability due to its 

connections to geochemical processes on Europa [19]. Additionally, it could provide encapsulation 

for cellular structures [19], [301], thus protecting the cells from the outside extreme environment. 

Despite abiotic silica being a very common mineral, the detection of silica could prove to be an 

important bioindicator for the search of life on Europa. 

Similarly, magnetite and iron sulfides such as pyrite do not have an exclusively biogenic origin but 

have been suggested as biomineral targets for detection on Europa [8].  

Biogenic pyrite is present in most marine sediments and forms as a result of bacterial activity 

[303], [304], while magnetite is produced by bacteria, as well as some members of eukarya, but 

only constitutes a very small percentage of marine sediments [193], [305], [306]. 

These ferrous compounds may also play an important role in the Europan geochemical cycle and 

their detection could provide information about the geochemical and biochemical processes on 

Europa [59]. The characterization of such processes can provide an evaluation of the chemical 

equilibrium in the ocean, or the lack of, which could indicate the presence of metabolic processes 

[59].  

Carbonates, formed by shells and skeletons of marine plankton, molluscs and corals, are major 

components of terrestrial marine sediments [307]. While sediments with low terrigenous deposit 

influx are dominated by carbonates in warm water, cold environments with low terrigenous influx 

more analogous to Europa can be predominantly siliceous. This could make carbonates less 

abundant on Europa, however, they are still an important terrestrial biomineral of major 

significance for astrobiology [5], [19], [53], [308]. Common terrestrial carbonates that have been 

suggested as targets for extraterrestrial exploration include calcite, aragonite, dolomite, 

magnesite and vaterite [53]. Additionally, aragonite and vaterite have been suggested as 

exclusively biogenic and could represent unambiguous signs of life [53]. While this claim is 

somewhat misguiding as both minerals have abiotic sources, there is evidence that the biotic and 

abiotic forms can be distinguished [309]. All carbonates are also a useful habitability indicator [5], 

[19], [308]. 
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4.3.13 Cell Colonies 

An alternative approach to targeting molecular biosignatures could also be detecting entire cells, 

such as bacterial colonies from Europa analogous sites. Flavobacterium has been identified as the 

most common bacterial class living in cold environments, Gammaproteobacteria also being very 

common. However, while cell colonies in general are a clear sign of the presence of life and 

potentially useful for analysis and testing of instruments, focusing on specific terrestrial cell 

colonies is too specific and very unreliable for the search of extraterrestrial life. 
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Chapter 5 Experimental Methodology 

This chapter covers the methodology used to assess the detection limits of Raman spectroscopy 

for the detection of biosignatures on Europa. The results of these experiments are provided in 

Chapter 6, Chapter 7, Chapter 8 and Chapter 9. The detection limits explored in these chapters 

are some of the most important limitations in Raman spectroscopy relevant to the search for life 

on Europa that have an impact on the instrument design requirements. These critical detection 

limits include fluorescence interference and laser damage (covered in Chapter 6), the effect of 

extreme low temperatures on the Raman spectra (Chapter 7) as well as the laser fluence and total 

energy dose limits and sensitivity to the relevant target molecules (Chapter 8). These limitations 

are investigated experimentally using lab grade Raman systems at various excitation wavelengths 

in order to quantify the impact and identify key design criteria for the development of a Raman 

Spectrometer for biosignature detection on Europa. A broader discussion on the overall 

detectability and instrument design considerations derived from the results presented in Chapter 

6 to Chapter 8 is then provided in  Chapter 9. Please note that some of these results have been 

presented and discussed in peer reviewed journal articles arising from this PhD research, which 

are referenced here [310], [311]. 

5.1 Methodology 

The detection limits are assessed using a representative selection of the target molecules 

identified in Chapter 4. These samples represent a reference frame for the identification of 

biosignatures on Europa, which allows quantification of the impact of the limitations on the 

instrument design requirements. The selected samples, as well as the specific experimental set up 

and methodology for the assessment of each detection limit, are described in the following 

sections. 

5.1.1 Samples 

Samples used as a reference frame for the assessment of the detection limits were chosen based 

on the high priority target molecules for life detection on Europa identified in Chapter 4. The 

selection was driven primarily by the priority of the identified target molecules and representative 

samples from most of the targeted molecular classes were chosen in order to encompass a broad 

spectrum of relevant molecules. However, availability within the timescale and budget of this 

research was also a factor in the selection. The complete list of molecules selected for the 

detection limits testing can be viewed in Table 5-1.  
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Class Compound Priority Purity & Form Supplier 

Amino Acids 
  
  
  
  
  
  

Alanine B ≥99% powder Alfa Aesar 

Glutamic Acid B ≥99% powder Sigma Aldrich 

Glycine A ≥99% powder Sigma Aldrich 

Histidine A ≥99% powder Sigma Aldrich 

Tryptophan C ≥99% powder Alfa Aesar 

Tyrosine C ≥99% powder Sigma Aldrich 

β-Alanine D ≥99% powder Sigma Aldrich 

Carboxylic Acids 
  

Palmitic Acid A ≥99% powder Sigma Aldrich 

Ectoine A ≥95% powder Sigma Aldrich 

Isoprenoids 
  

Pristane B 95% liquid Fisher Scientific 

Squalane C 98% liquid Alfa Aesar 

Carotenoids 
  

β -Carotene A 99% powder Alfa Aesar 

Astaxanthin B ≥98% powder Fisher Scientific 

Steranes 5α-Cholestane B >98% liquid Fisher Scientific 

Pigments 
  

C-Phycocyanin C 50-70% powder Sigma Aldrich 

Chlorophyll A B ≥85% powder Sigma Aldrich 

Nucleic Acids 
  

DNA A ≥95% powder Sigma Aldrich 

RNA C ≥92% powder Sigma Aldrich 

Nucleobases 
  
  
  
  

Adenine B ≥99% powder Sigma Aldrich 

Guanine B 98% powder Sigma Aldrich 

Cytosine B ≥99% powder Sigma Aldrich 

Thymine B ≥99% powder Sigma Aldrich 

Uracil B ≥99% powder Sigma Aldrich 

Carbohydrates Trehalose A ≥99% powder Sigma Aldrich 

Coenzymes Nicotinamide A ≥99.5% powder Sigma Aldrich 

Porphyrins 
  

Protoporphyrin IX A >98% powder PorphyChem 

Hemin A >97% powder Alfa Aesar 

Inorganics 
  

Palagonite (HWMK101)* NA NA Dick Norris 
(NASA – JSC) 

Natural 
Mixtures 

Carrot Root (natural 
carotene)* 

NA NA NA 

Spinach Leaf (natural 
chlorophyll)* 

NA NA NA 

Table 5-1 Selected samples for testing, their priority, purity, form and the supplier 

(*complementary samples) 

An additional complementary sample of palagonite was included in order to test inorganic soil-

like materials that would provide more information about naturally occurring compounds that 

could interfere with the biosignature spectra on Europa. There is currently no simulant material of 

the Europan soil available on the market and the exact composition of Europan soil has not yet 

been determined. Therefore, terrestrial volcanic soil in the form of a Hawaiian palagonite has 

been chosen to test the inorganic interference. Likewise, carrot root and spinach leaf were 

included in order to test naturally occurring mixtures of some important pigments, i.e. carotene 

and chlorophyll. The measurements of these additional compounds are not a pivotal part of this 
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research and only serve to complement the results in order to provide a more complete 

understanding of the interference and detection limits. 

5.1.2 Measurements and Experimental Set Up 

Each detection limit explored in this study represents a unique metric and requires different and 

highly specific methods. However, while the experimental set up and methodology vary across 

the experiments and are described in separate sections dedicated for each examined detection 

limit, some general methods are applicable to all experiments.  

With the exception of a few experiments exploring the sensitivity detection limit, all samples were 

examined in their pure form as stated in Table 5-1. Two Raman Renishaw Spectrometers at 4 

different excitation wavelengths, with representative excitation in the UV (325 nm), visible (532 

nm, 633 nm) and NIR (785 nm) range, were used across the experiments. The specification of 

each configuration - including the nominal laser power, optical set up, spectral resolution and 

spot size - are summarised in Table 5-2. All Raman systems used in this study are standard 

laboratory grade instruments with a high spectral resolution ranging between from approximately 

0.5 to 2 cm-1 and 0.3 cm-1 when using the FWHM (Full Width Half Maximum) integrated function. 

Standard built-in calibration using Silicon standard was used for system at visible and NIR 

excitation and a diamond standard at UV excitation. Calibration was performed before and after 

measurements to monitor any drift in the nominal Raman shift. Measurements were taken within 

the spectral range of 100 to 4000 cm-1 at various laser power settings. However, in all cases the 

maximum setting used was the 100% laser power setting at the nominal laser power as specified 

in Table 5-2. Each measurement comprises a single acquisition of 120 seconds total exposure time 

(10 seconds nominal exposure). Peak fitting and FWHM methods were used for the identification 

of the Raman bands, the Raman band width and the signal intensity. The in-built Renishaw WIRE 

software was used for data generation and initial analysis. Further data analysis and visualisation 

were performed in Python and Microsoft Excel. 

A quartz microscope slide or fused silica crucible compatible with the cooling stage for low 

temperature testing were used as substrates for the measurements. The sample layer thickness 

was approximately 0.5 mm during all measurements and all substrates and deposition tools were 

cleaned with Acetone and IPA between measurements to prevent cross-contamination. With the 

exception of low temperature testing, which requires liquid nitrogen cooling and nitrogen purged 

environment, all experiments were carried out in ambient environment and at room temperature 

(nominally 22 °C).  
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Instrument & Facilities 
Excitation 

Wavelength 
[nm] 

Nominal 
Laser Power 

at Sample 
[mW] 

Objective 
Lens & 

NA 

Spectral 
Resolution [cm-1] 

Laser Spot 
Diameter 

[μm] 

Raman Renishaw InVia 
Microscope 
(Cambridge Graphene 
Centre, University of 
Cambridge) 

325 0.9 
40x 

0.5 NA 

1.49 @4000 cm-1 

1.937 @1000 cm-1 

2.02 @500 cm-1 

0.3 cm-1 (FWHM) 

0.793 

Raman Renishaw InVia 
Microscope 
(University of 
Southampton) 

532 44.9 

5x 

0.12 NA 

 

0.7 @4000 cm-1 

1.199 @1000 cm-1 

1.283 @500 cm-1 

0.3 cm-1 (FWHM) 

5.41 

633 10.4 

1.15 @4000 cm-1 

1.859 @1000 cm-1 

1.99 @500 cm-1 

0.3 cm-1 (FWHM) 

6.44 

785 115 

0.56 @4000 cm-1 

1.131 @1000 cm-1 

1.243 @500 cm-1 

0.3 cm-1 (FWHM) 

7.98 

Table 5-2 Raman instrumentation set up and specification 

The experimental set up and methodology specific to the assessment of each detection limit, as 

well as the overall detectability and instrument design considerations, are described in the 

following sections. 

5.1.2.1 Detection Limit 1: Fluorescence 

In order to assess the impact and severity of the fluorescence interference, samples listed in Table 

5-1 are examined using representative Raman excitation wavelengths across the UV, visible and 

NIR wavelength regions. Using the two Raman systems listed in Table 5-2, Raman spectra were 

collected at 325 nm, 532 nm, 633 nm and 785 nm. Raman spectra of all samples were collected at 

532 nm, 633 nm and 785 nm, however, only selected samples were examined using the 325 nm 

excitation wavelength due to constraints associated with the facility use and timeline of the 

research project. In order to ensure an effective assessment of the fluorescence interference at 

this excitation, high priority representative samples from each category were selected and tested 

at 325 nm. The selected samples are shown in Table 5-3. 

All samples were examined at room temperature (nominally 22 °C) and in an ambient 

environment, however, fluorescence trends were also monitored during low temperature 

measurements and the results are described in Chapter 7.  
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 Compound Priority 

Amino Acids Glutamic Acid B 

Glycine A 

Histidine A 

Tyrosine C 

Carboxylic Acids Palmitic Acid A 

Carotenoids 
  

β-Carotene A 

Astaxanthin B 

Steranes 5α-Cholestane B 

Pigments C-Phycocyanin C 

Nucleic Acids 
  

DNA A 

RNA C 

Nucleobases 
  
  
  

Adenine B 

Guanine B 

Cytosine B 

Uracil B 

Carbohydrates Trehalose A 

Coenzymes Nicotinamide A 

Porphyrins Protoporphyrin IX A 

Hemin A 

Table 5-3 A representative selection of samples tested at the 325 nm excitation 

In order to evaluate the severity of the fluorescence interference in the spectra, a Signal to Noise 

Ratio (SNR) was calculated using the following formula: 

 𝑆

𝑁
=

𝐼𝑆 − 𝐼𝑁

√𝐼𝑁

 (1) 

The absolute intensity of the most dominant Raman band in the spectra (IS) was used to calculate 

the SNR. The absolute intensity of a point in the spectra not containing any Raman bands was 

used to represent the noise (IN). The same Raman bands and noise readings were used for the 

SNR calculation in the spectra of the same molecule across different excitation wavelengths. In 

the presence of a fluorescent background, the highest intensity of the noise was used. The SNR 

was calculated at each power setting and was used to compare the detectability of the molecule 

across different excitations.  

However, while the SNR comparison method is a very useful tool for assessing the noise levels in 

Raman spectra of the same molecule at different laser power or with a different set up, it is very 

limited when comparing different molecules or different excitations. This is due to the variability 

of the signal as well as the noise reference points. The location of the highest point of the 

fluorescence background may not be constant at different excitations, which limits the 

comparison of the fluorescence in the spectra of the same molecule as some regions in the 
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spectra may be particularly critical for the identification of the molecules. On the other hand, 

higher fluorescence in some other regions in the spectra may not restrict the detectability of 

peaks at all and may thus not be critical. Likewise, the most dominant Raman band may not be 

the same at all excitation wavelengths. The SNR also fails to fully describe the detectability of the 

molecules as minor peaks in the spectra may also be critical for the identification but are not 

included in the calculation. Averaging the SNR of multiple peaks can also be very misleading. Due 

to the limits of the SNR calculation, it was only used as a reference for the fluorescence 

assessment. Rather, the impact of the fluorescence and its severity is assessed and quantified 

using the overall detectability of both major and minor Raman bands critical for the identification 

of the molecule. 

Based on the identified fluorescence severity, the target molecules are classified into 5 classes. 

Class 1 includes fully detectable target molecules experiencing no fluorescence. Class 2 includes 

molecules with mild fluorescence where all major and at least most minor Raman peaks 

important for identification are clearly detectable. Class 3 comprises molecules with significant 

fluorescence where minor peaks are not visible but major peaks can still be detectable in some 

cases. Some peaks might only be detectable at higher laser power and molecules in this category 

might thus not be detectable at all at certain laser fluence. The fluorescence background in this 

group is critical for the identification of the molecule. Molecules in class 4 experience severe 

fluorescence where most major Raman peaks are not visible and the sample is not detectable. 

Class 5 includes completely undetectable molecules with very severe fluorescence that overtakes 

the entire spectrum and no major or minor peaks are visible.  

The resulting classification of the tested molecules and their priority is used to assess and 

compare the performance of each excitation wavelength. The suitability of each excitation for the 

detection of biosignatures on Europa is discussed in line with available fluorescence mitigation 

techniques. 

5.1.2.2 Detection Limit 2: Laser Damage 

The same Raman spectra collected for the assessment of the impact of the fluorescence noise 

were used to analyse the laser damage thresholds and the impact of sample degradation on the 

overall identifiability of the target molecules. The spectra acquisition method including the 

instrumentation and measurements methodology is described in Section 5.1.2.1. While these 

spectra were obtained at room temperature, the following methodology was also applied to 

monitor the impact of laser damage at cryogenic temperatures, the results of which are discussed 

in Chapter 7. 
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The impact of laser damage on the Raman spectra was monitored through a visual examination of 

the sample under a microscope as well as through spectral evidence of laser damage in the 

resulting Raman spectra. The samples were examined under a microscope before and after the 

measurement and any visible changes in the spectra and sample properties were reported. 

Microscope images of the sample were obtained both before and after the measurement. Most 

visible evidence of laser damage constitutes discolouration, i.e. darkening, lightening or general 

change of colour of the sample at the location of the laser incidence. Depending on the severity of 

the damage, the discolouration may extend beyond the location of laser incidence, which was 

also monitored. 

Spectral laser damage is usually signalled by variance in the obtained spectra, shifting of peaks to 

higher frequencies or broadening of Raman bands. Strong background noise or the presence or 

strengthening of radiation product peaks could also occur as a result of laser damage. These 

effects were monitored and recorded during the analysis of the spectra.  

The lowest laser fluence and total energy dose at which signs of degradation occurred were 

identified as the laser damage threshold and the type of degradation first observed, i.e. visual or 

spectral, was recorded for each molecule. Since laser damage might have various effects on the 

detectability of the molecule from only minor background noise to complete change of the 

spectra, measurements at higher laser fluence were taken if the molecule was still detectable at 

its laser damage threshold. The laser fluence and total energy dose at which the molecule 

becomes undetectable is then identified as the laser damage detectability threshold. 

Apart from the laser damage threshold and laser damage detectability threshold, the most laser 

damage sensitive molecules are also identified. The results are discussed in terms of the impact of 

laser damage on the spectra of biosignatures relevant for the exploration of Europa as well as 

potential methods of laser damage reduction. 

5.1.2.3 Detection Limit 3: Effects of Extreme Low Temperatures 

In order to observe the effects of the Europan extreme low temperatures on Raman spectra, 

Raman spectra of samples listed in Table 5-1 were obtained at temperatures analogous to the 

Europan surface and sub-surface (-196 ᴼC and -100ᴼC) and compared to room temperature 

measurements (22 ᴼC). Depending on the location and time of day, the temperature of -196 ᴼC 

represents the Europan surface or near sub-surface temperature [24], [71] and a similar 

temperature could be expected at 10 cm below the surface, which is the minimum sampling 

depth of the Europa Lander Mission proposed by NASA [19], [24], [71]. The temperature of -

100 ᴼC represents the conditions at the depth of 5 km within Europa’s icy shell [71], [73] and 
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serves as a gauge measurement that provides further information about the profile of the 

spectral changes at decreasing temperatures and corresponding depth within the ice.  

A Raman Renishaw system with 532 nm and 785 nm excitation, as described in Table 5-2, was 

used to collect the Raman spectra. Excitations at 532 and 785 nm were used in order to observe 

the cryogenically induced changes within the spectra at two different excitations as well as to 

ensure Raman spectra of all target molecules can be obtained at the selected excitations.  

The samples were cooled to the required temperature using a Linkam THMS600 temperature 

controlled stage with a liquid nitrogen cooling system. The Linkam THMS600 stage system is a 

standard temperature-controlled stage widely used for Raman measurements and the stage 

platform for the sample is shown in Figure 5-1. When connected to the liquid nitrogen system, the 

stage allows measurements at temperatures ranging to -196 ᴼC at temperature accuracy and 

stability of 0.01 ᴼC. 

 

Figure 5-1 An open Linkam THMS600 cooling stage showing the cooling block used for the 

experiments. The stage is closed and purged with liquid nitrogen via the liquid 

nitrogen tubes on the left-hand side. A temperature controller is connected to the 

stage and a PC interface software, which is used to set the temperature profile. 

All measurements were performed in a nitrogen purged environment and the temperature rate of 

change was 55 ᴼC /minute. In order to ensure the samples were cooled to the required 

temperature, a dwell time of 6 minutes was applied. Three measurements as described in Section 

5.1.2 were taken at each temperature setting. The optimal laser power, as determined by 

previous tests at room temperature, was used for the measurements in order to ensure good 

quality Raman spectra. Due to the variability of the spectra across various laser powers and 

temperatures, the three measurements at each temperature were taken at various laser powers 

for some samples and at the same laser power for others as appropriate. This was to ensure 

sufficient Raman signal strength without saturating the detector. For molecules requiring 

measurements at a different laser power, the same three laser power settings were used at each 
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temperature. The laser power range used for each sample and at each excitation wavelength, 

expressed also in terms of laser fluence and total energy dose for clarity, is shown in Table 5-4.  

  Measurement Laser Power, Fluence and Total Energy Dose 
 Compound 532 nm 785 nm 

Amino Acids 
  
  
  
  

Alanine 

2.25, 4.49, 22.5 mW 
1.17, 2.35, 11.7 MJ/cm2 
0.27, 0.54, 2.69 J 

5.75, 11.5, 57.5 mW 
1.38, 2.76, 13.8 MJ/cm2 

690 mJ, 1.38 J, 6.9 J 

Glutamic Acid 

0.45, 2.25, 4.49 mW 
0.23, 1.17, 2.35 MJ/cm2 
53.9 mJ, 0.27 J, 0.54 J 

1.15, 5.75, 11.5 mW 
0.28, 1.38, 2.76 MJ/cm2 

138 mJ, 690 mJ, 1.38 J 

Glycine 

0.45, 2.25, 4.49 mW 
0.23, 1.17, 2.35 MJ/cm2 
53.9 mJ, 0.27 J, 0.54 J 

1.15, 5.75, 11.5 mW 
0.28, 1.38, 2.76 MJ/cm2 

138 mJ, 690 mJ, 1.38 J 

Histidine 

0.45, 2.25, 4.49 mW 
0.23, 1.17, 2.35 MJ/cm2 
53.9 mJ, 0.27 J, 0.54 J 

11.5, 57.5, 115 mW 
2.76, 13.8, 27.6 MJ/cm2 

1.38, 6.9, 13.8 J 

Tryptophan 

44.9 µW, 0.22 mW, 0.45 mW 
23.5 kJ/cm2, 117 kJ/cm2, 0.23 
MJ/cm2 

5.39, 26.9, 53.9 mJ 

5.75, 11.5, 57.5 mW 
1.38, 2.76, 13.8 MJ/cm2 

690 mJ, 1.38 J, 6.9 J 

Tyrosine 

0.45, 2.25, 4.49 mW 
0.23, 1.17, 2.35 MJ/cm2 
53.9 mJ, 0.27 J, 0.54 J 

5.75, 11.5, 57.5 mW 
1.38, 2.76, 13.8 MJ/cm2 

690 mJ, 1.38 J, 6.9 J 

β-Alanine 

2.25, 4.49, 22.5 mW 
1.17, 2.35, 11.7 MJ/cm2 
0.27, 0.54, 2.69 J 

11.5, 57.5, 115 mW 
2.76, 13.8, 27.6 MJ/cm2 

1.38, 6.9, 13.8 J 

Carboxylic 
Acids 
  

Palmitic Acid 

0.45, 2.25, 4.49 mW 
0.23, 1.17, 2.35 MJ/cm2 
53.9 mJ, 0.27 J, 0.54 J 

5.75, 11.5, 57.5 mW 
1.38, 2.76, 13.8 MJ/cm2 

690 mJ, 1.38 J, 6.9 J 

Ectoine 

0.22, 0.45, 2.25 mW 
117 kJ/cm2, 0.23 MJ/cm2, 1.17 
MJ/cm2 

26.9 mJ, 53.9 mJ, 0.27 J 

5.75, 11.5, 57.5 mW 
1.38, 2.76, 13.8 MJ/cm2 

690 mJ, 1.38 J, 6.9 J 

Isoprenoids 
  

Pristane 

22.5 mW 
11.7 MJ/cm2 
2.69 J 

115 mW 
27.6 MJ/cm2 

13.8 J 

Squalane 

2.25 mW 
1.17 MJ/cm2 
0.27 J 

115 mW 
27.6 MJ/cm2 

13.8 J 

Carotenoids 
  

β-Carotene 

44.9 µW 
23.5 kJ/cm2 

5.39 mJ 

0.115 µW 
27.6 J/cm2 

13.8 µJ 

Astaxanthin 

2.25 mW 
1.17 MJ/cm2 
0.27 J 

0.115 µW 
27.6 J/cm2 

13.8 µJ 

Steranes 5α-Cholestane 

4.49 mW 
2.35 MJ/cm2 
0.54 J 

115 mW 
27.6 MJ/cm2 

13.8 J 

Pigments 
  C-Phycocyanin 

U 0.58 mW 
0.14 MJ/cm2 

69 mJ 
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Chlorophyll A U U 

Nucleic Acids 
  

DNA U U 

RNA 

U 11.5 mW 
2.76 MJ/cm2 

1.38 J 

Nucleobases 
  
  
  
  

Adenine 

44.9 µW, 0.22 mW, 0.45 mW 
23.5 kJ/cm2, 117 kJ/cm2, 0.23 
MJ/cm2 

5.39, 26.9, 53.9 mJ 

0.58, 1.15, 5.75 mW 
0.14, 0.28, 1.38 MJ/cm2 

69, 138, 690 mJ 

Guanine 

44.9 µW, 0.22- mW, 0.45 mW 
23.5, 117 kJ/cm2; 0.23 MJ/cm2 

5.39, 26.9, 53.9 mJ 

1.15, 5.75, 11.5 mW 
0.28, 1.38, 2.76 MJ/cm2 

138, 690 mJ; 1.38 J 

Cytosine 

44.9 µW; 0.22, 0.45 mW 
23.5 kJ/cm2, 117 kJ/cm2, 0.23 
MJ/cm2 

5.39, 26.9, 53.9 mJ 

0.58, 1.15, 5.75 mW 
0.14, 0.28, 1.38 MJ/cm2 

69, 138, 690 mJ 

Thymine 

0.22, 0.45, 2.25 mW 
117 kJ/cm2, 0.23 1.17 MJ/cm2, 
1.17 MJ/cm2 

26.9 mJ, 53.9 mJ, 0.27 J 

11.5 mW 
2.76 MJ/cm2 

1.38 J 

Uracil 

0.45 mW 
0.23 MJ/cm2 
53.9 mJ 

57.5 mW 
13.8 MJ/cm2 

6.9 J 

Carbohydrates Trehalose 

4.49 mW 
2.35 MJ/cm2 
0.54 J 

115 mW 
27.6 MJ/cm2 

13.8 J 

Coenzymes Nicotinamide 

2.25 mW 
1.17 MJ/cm2 
0.27 J 

5.75 mW 
1.38 MJ/cm2 

690 mJ 

Porphyrins 
  

Protoporphyrin 
IX 

44.9 µW 
23.5 kJ/cm2 

5.39 mJ 

0.115 µW 
27.6 J/cm2 

13.8 µJ 

Hemin 

2.25 mW 
1.17 MJ/cm2 
0.27 J 

5.75 mW 
1.38 MJ/cm2 

690 mJ 

Inorganics 
Palagonite 
(HWMK101) 

4.49 mW 
2.35 MJ/cm2 
0.54 J 

11.5 mW 
2.76 MJ/cm2 

1.38 J 

Natural 
Mixtures 

Carrot Root 
(natural 
carotene) 

2.25 mW 
1.17 MJ/cm2 
0.27 J 

115 mW 
27.6 MJ/cm2 

13.8 J 

Spinach Leaf 
(natural 
chlorophyll) 

44.9 µW 
23.5 kJ/cm2 

5.39 mJ 

11.5 mW 
2.76 MJ/cm2 

1.38 J 

Table 5-4 Measurement laser power, laser fluence and total energy dose for experiments 

exploring the effects of cryogenic temperatures on the Raman spectra (U denotes 

samples and/or excitations that did not allow investigations of the cryogenically 

induced changes due to laser damage or excessive fluorescence impeding any further 

characterisation and that were excluded from these experiments) 
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Raman spectra of some molecules, as highlighted in Table 5-4, did not allow investigations of the 

cryogenically induced changes due to laser damage or excessive fluorescence impeding any 

further characterisation.  

The collected spectra of each sample at each temperature are compared in order to identify and 

quantify the effects of the extreme low temperatures analogous to Europa. Monitored effects 

include variability between individual measurements at each temperature, shifts in the Raman 

band position, width and shape. The emergence of new Raman bands, changes in the overall 

signal intensity (i.e. SNR) or diminishing individual Raman bands, as well as any changes in the 

fluorescence noise were also recorded. Changes in the minimum peak-to-peak distance in the 

spectra at various temperatures were also investigated in order to assess the impact of cryogenic 

temperatures on the spectral resolution requirements. Where possible, the profile of change was 

also investigated and any common trends identified and described. Peak fitting is used for the 

identification of the Raman spectral shift and the width and intensity of Raman bands are 

assessed using the Full Width Half Maximum (FWHM) method. Furthermore, the significance of 

the observed spectral shifts and band width changes at low temperatures was assessed using 

sigma error bars. 1σ (32% error probability), 2σ (4.6% error probability) and 3σ (0.3% error 

probability) error bars were calculated for each Raman band over the three measurements at 

each power and temperature setting in order to investigate the variation in the changes relative 

to the instrumental and experimental error. 

Due to the variance in the characteristics of the target molecules and their Raman spectra, 

additional experimental or analytical methods were applied in some cases to ensure a complete 

understanding of the observed effects: 

Amino Acids - The number of different amino acid samples with a wide range of molecular 

structures within the same molecular category provides an ideal opportunity to examine these 

molecules in more detail. As such, an analysis of the thermally induced changes in the context of 

the molecular vibrational modes was performed. An optimized Density Functional Theory (DFT) 

vibrational frequency calculation was used for the Raman band assignments in conjunction with 

Split Valence Polarization (SVP) and polarizability calculations for Raman vibrational frequencies 

and Raman activity as well as a review of previously published assignments [312], [313], [322]–

[326], [314]–[321]. In order to build sufficient confidence in the vibrational mode assignments, 

sigma error bar analysis was studied particularly in detail for amino acids. Additionally, the 

experiments were expanded by four additional temperature reference points (-20 ᴼC, -

60 ᴼC, -132 ᴼC, -164 ᴼC) during the investigation of glycine in order to gain a more complete 

understanding of the trends and profiles observed.  
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Porphyrins – Porphyrin spectra at low temperatures showed significant changes in signal intensity 

that varied across all Raman bands, which requires a more in-depth analysis of the changes 

specific to each band. In order to evaluate the signal strength change in the context of individual 

bands rather than the entire spectra, a signal to noise ratio (SNR) was calculated for all major 

Raman peaks in the spectra. The absolute intensity of the peaks was used as the IS term and a 

noise intensity at an adjacent valley in the spectra was used as the IN term in the SNR calculation. 

This prevents any fluorescence or background noise irrelevant to the signal change from affecting 

the SNR data in order to assess the signal enhancement while also allowing evaluating the overall 

impact of the fluorescence noise in light of the signal change at each peak. 

While the signal enhancement was the main focus of the porphyrin analysis, optimized DFT and 

SVP calculations similar to the one used for the analysis of amino acids were also performed in 

order to assign Raman bands to vibrational modes. This allows further analysis of the relationship 

between various vibrational modes and the cryogenically induced changes. It also serves to 

confirm results from the analysis of amino acids. However, it is important to note that unlike the 

previously presented amino acid data, the low quality of the spectra of both porphyrins at room 

temperature may have lacked the necessary definition to accurately determine the Raman band 

frequency. As such, the vibrational mode assignment analysis may not be as accurate. A sigma 

error bar analysis was performed to quantify the confidence in both the Raman shift changes 

observed in the data as well as the changes in the SNR. 

Carotenoids – Carotenoid molecules tend to have relatively similar Raman spectra with strong 

Raman band signals at both 532 nm and 785 nm excitation, which can be used to accurately track 

and compare the thermally induced changes between these two excitations. As such, the sigma 

error bar analysis described previously was used to assess the significance of the observed 

changes in order to establish whether the excitation wavelength has any impact on the thermally 

induced changes. Additionally, similar to porphyrins, carotenoid spectra showed much higher 

intensity spectra at low temperatures even despite the fluorescence noise, which was 

contradictory to trends observed in the study of all other molecules except for porphyrins. As 

such, a similar SNR analysis of individual bands as described for porphyrins was used to analyse 

this effect further. 

Isoprenoids – Pristane and squalene have very similar Raman signatures, which provides an ideal 

opportunity to study any differences between the cryogenic changes that could potentially help 

to distinguish between the two compounds. Hence, pristane and squalene are compared in terms 

of the cryogenically induced changes in their spectra, such as the width and shift change observed 
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for individual Raman bands. A detailed sigma error bar analysis was used to confirm the validity of 

the differences. 

Steranes – 5a-cholestane has a very complex Raman spectrum with numerous Raman bands, 

which calls for a detailed analysis of the minimum peak-to-peak distance between individual 

Raman bands. This then provides information for the assessment of the spectral resolution 

requirements. In order to accurately determine the minimum necessary spectral resolution, the 

Raman band width and the signal strength of adjacent bands were evaluated together with the 

peak-to-peak distance. 

Nucleobases – Similar to amino acids, nucleobases offer an opportunity to compare between 

molecules with similar structures. As such, cryogenically induced changes in the spectra of 

nucleobases were also discussed in terms of the vibrational modes in order to confirm results 

observed in amino acids. Assignments of the vibrational modes in the spectra of nucleobases are 

available in previously published literature and therefore DFT calculation of the vibrational modes 

was not necessary. Similar to amino acids, sigma error bars were utilized to support any 

conclusions regarding cryogenically induced changes relative to mode assignments.  

Coenzymes – Although fluorescent at 532 nm, Raman measurements of nicotinamide yield good 

spectra at both 532 nm and 785 nm excitation. Since the full nicotinamide signature can be 

obtained at both excitations and across the entire examined temperature range, the data can be 

used to compare the effect of fluorescence on the variability of the measurements. In order to do 

this, the three collected spectra at each temperature were used to calculate the average variance 

across all Raman bands within the spectra. This was recorded for each temperature and each 

excitation and compared. The results were also compared to the variance trends observed in 

other fluorescent molecules as well as other fluorescence-free spectra. 

Inorganics - Inorganic materials in the sampled material could potentially obscure the Raman 

signature of any organics or biogenic matter. While it is not the primary focus of this research, 

studying the effect of cryogenic temperatures on the spectra of inorganic materials is an 

important aspect of ensuring a successful detection of biosignatures on Europa. As such, a simple 

Raman study of Hawaiian palagonite was performed at various temperatures in order to assess 

any potential interference of inorganic soil material with biosignature Raman spectra as a result of 

cryogenically induced spectral changes. Palagonite is a type of volcanic glass similar to basalt, 

which is of volcanic origin. While the composition of Europa’s crust is not fully understood yet, 

studies have shown that material similar to terrestrial basalt may be present on Europa [327]. The 

cryogenically induced changes in the spectra of palagonite were recorded and discussed in terms 

of potential interference. 
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5.1.2.4 Detection Limit 4: Minimum and Maximum Laser Fluence and Total Energy Dose 

The laser power necessary for full and unambiguous identification is a key parameter for 

successful life detection on Europa. As explored in detail in Section 6.2, measurements at high 

laser power can lead to disastrous laser sample damage and each molecule may have different 

laser damage thresholds. Likewise, molecules yield spectra of various signal strength levels and 

Raman spectra of some molecules can be obtained at much lower laser power than others. As 

such, the presence of molecules of higher intensity Raman signature may completely overshadow 

lower intensity signatures in the sample. Very high signals can also saturate the detector and 

render the measurement void. The maximum and minimum laser power for detection are thus 

critical parameters to choose the optimal measurement method for in-situ spectra collection on 

Europa.  

Since laser power is not a very reliable measure across different instruments with various 

excitation wavelengths and optical set up, the laser power was converted into laser fluence and 

total energy dose as shown below. Laser power density has also been used for these purposes in 

literature available to date [104], [160]. 

 
Fluence [

𝐽

𝑐𝑚2] =
𝑃 × 𝑡

𝐴
 (2) 

 
Power Density [

𝑊

𝑐𝑚2] =
𝑃

𝐴
 (3) 

 Total Energy Dose [J] = 𝑃 × 𝑡 (4) 

 
Laser Spot Diameter [𝜇𝑚] =

1.22 × 𝜆

𝑁𝐴
 (5) 

Where: P = laser power at sample  

A = laser spot area at sample 

t = exposure time 

λ = laser excitation wavelength  

NA = numerical aperture of the microscope objective 

Converting laser power into laser fluence and total energy dose allows comparison between 

different instruments with different optical set up and excitation wavelength. More importantly, 

the minimum laser fluence and total energy dose necessary for unambiguous identification can 

provide information on the optical configuration of the Raman instrument necessary for 

successful detection at each excitation wavelength. This allows the identification of an 

appropriate objective, its magnification and numerical aperture (NA), laser spot size, as well as 

duration of sample exposure and laser power. These are key parameters defining the instrument 

design requirements for biosignature detection on Europa. The minimum laser fluence and total 
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energy also indicate the Raman signal strength of each selected target molecule, which is an 

important measure of the overall detectability of the target molecules and the sensitivity (LOD) of 

the instrument necessary for detection. 

The dataset collected for the analysis of the fluorescence interference and laser damage as 

described in Section 5.1.2.1 and 5.1.2.2 was also used to record the minimum and maximum laser 

fluence and total energy dose that allows full identification of the examined molecules. Raman 

spectra of samples were taken at 532 nm, 633 nm and 785 nm excitation at various laser powers 

and the full experimental set up has already been described in Section 5.1.2 to 5.1.2.1. Please 

note that the 325 nm dataset was excluded as it was not possible to perform a full set of 

measurements across the full laser power range with sufficiently small laser power increments 

between individual measurements. While sufficient for a limited analysis of the fluorescence 

interference, any results discussing the laser fluence and total energy dose for successful 

detection could be misleading as a result of this.  

The obtained spectra at each laser power setting were classified into 4 categories: undetectable 

(U), limited detectability (L), detectable (D) and ideal spectral signature (I). A 5th category, 

oversaturated (O), was also introduced to denote measurements of very high signal strength that 

oversaturated the detector, which rendered the resulting spectra unusable. The classification was 

based on the SNR calculation introduced in Section 5.1.2.1 for the assessment of the fluorescence 

interference. However, as already described in Section 5.1.2.1, SNR comparison is very limited 

when comparing different molecules or measurements at different excitations. This is due to the 

difference in the Raman signature and the reference points as well as different number and 

characteristics of the identifying bands in the spectra. As such, the SNR method was 

complemented by an assessment of the visibility and signal strength of Raman bands important 

for the identification of the molecule. The categories thus include measurements that do not yield 

any identifiable signature (U) and measurements that are missing most minor bands and may lack 

the definition or some spectral features for full identification but may still allow the identification 

of the molecular species (L). Measurements resulting in a sufficient SNR spectrum with all major 

bands and at least most minor bands are classified as (D) and measurements leading to high SNR 

spectra with the full set of both major and minor bands are classified as (I). 

The classification is then used to compare the signal strength of each molecule at different 

excitations as well as to other molecules. For the purposes of the analysis, limited detectability (L) 

is considered in case molecules are not fully detectable, i.e. (D) or (I), within the given laser power 

range at a given excitation wavelength. The baseline for comparison between molecules was class 

(D) as it represents the lowest fluence allowing the identification of the molecule. The results are 
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then discussed in terms of the optimal laser power setting for in-situ spectral acquisition on 

Europa and the impact on the detectability of the examined molecules.  

Furthermore, the maximum and minimum laser fluence and total energy dose analysis is also 

used for the assessment of the limit of detection of the examined molecules in low concentrations 

at different excitations. This is described in detail in the following section. 

5.1.2.5 Detection Limit 5: Sensitivity  

Data obtained in the minimum and maximum laser fluence and total energy dose study at 532 nm 

and 785 nm, as described in the previous section, were used for the calculation of the theoretical 

lowest detectable concentration (i.e. limit of detection) of each target molecule at either 

excitation wavelength. The 633 nm excitation was excluded as the results of the study, detailed in 

Section 6.1 to 8.1.1, indicate there is little to no benefit of using the 633 nm excitation for the 

detection of biosignature over the 532 nm excitation, which generates higher Raman signal, or 

785 nm excitation, which is less affected by fluorescence.  

The theoretical limit of detection (LOD) for each molecule and each excitation is an important 

parameter for the selection of the excitation wavelength for an instrument aiming to detect 

biosignatures on Europa. However, very limited LOD data is available in literature sources. This is 

predominantly because the LOD depends on the configuration of the instrument, optical set up, 

laser power and other variable parameters, which make the data highly specific. The lowest 

detectable concentration is also affected by the solubility of the molecule as insoluble or partially-

soluble molecules create localized higher concentration clusters. This would make experimental 

study of the LOD rather inaccurate and specific to the experimental set up. For this reason, a 

theoretical calculation of the theoretical lowest detectable concentration of each sample at each 

wavelength was performed instead. This calculation is described in detail below. It is important to 

note that any such calculation is bound to be a rough estimate, which is, nevertheless, sufficient 

for the purposes of this study as the concentration of biomolecules on Icy Worlds is measured in 

parts per billion, which allows for a relatively high margin of error. While experimental 

measurements were not within the scope of this research work, any future experimental study of 

the lowest detectable concentrations of biomolecules using Raman spectroscopy would be a very 

helpful and informative contribution.  

The calculation is based on the minimum fluence required for full detection, which allows 

comparison between different instruments, excitations and optical set up. The minimum fluence 

required for full detection for each molecule and at each excitation is compared to the minimum 

fluence of a control molecule and its lowest detectable concentration at a particular excitation, 
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which was obtained experimentally. High signal water-soluble molecules were chosen for each 

excitation, adenine for 532 nm and nicotinamide at 785 nm, in order to allow a wider range of 

measurements at various concentrations without any data variation due to insolubility. A 

spectrum of each control molecule and at each excitation was obtained at 100 wt%, 5 wt%, 0.1 

wt% and 0.01 wt% concentration.  

The lowest detectable concentration of the control molecule was then used to extrapolate the 

lowest concentration of other target molecules using direct proportionality. The method was 

verified experimentally using a secondary control molecule, glycine, which is also fully water-

soluble and which was tested at both excitations at 100 wt%, 50 wt%, 5 wt%, 0.1 wt% and 0.01 

wt% concentration. The experimentally obtained lowest detectable concentration of glycine was 

then compared to the predicted value in order to verify that the theoretical calculation yields 

sufficiently accurate results.  

The calculated LOD was expressed in wt% as well as parts per million (ppm) and parts per 

thousand (ppth) and discussed in terms of the detection limit requirements for a lander mission 

to Europa. 

5.1.2.6 Overall Detectability and Instrument Design Considerations 

This section summarises the results of the detection limits studies described in previous sections 

and highlights the observed trends. The results of each study are discussed alongside all other 

analysed detection limits and any overarching trends and tendencies are described and 

considered in terms of biosignature detection on Europa and other Icy Worlds. The impact of the 

results of the detection limits study on the development of a Raman instrument for life detection 

on Europa is presented and discussed together with implications on the instrument design 

requirements. The key design parameters considered in the discussion are: 

1. Excitation Wavelength 

2. Fluorescence Mitigation Technique 

3. LOD 

4. Spectral Resolution and Range 

5. Miniaturization Techniques  
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Chapter 6 Detection Limits: Fluorescence and Laser 

Damage 

The following sections present and discuss the results of investigations assessing the impact of the 

fluorescence noise and laser damage on the target molecules. Each effect is discussed separately 

in this chapter and discussed in context of all detection limits as well as the overall instrument 

design considerations in Chapter 9. 

6.1 Fluorescence 

Fluorescence trends of the selected target molecules have been observed across UV to NIR 

excitation wavelengths and the severity of the observed fluorescence interference at each 

excitation wavelength is summarized in Table 6-1. The molecules were classified into 5 groups 

based on the impact on the molecule’s detectability as described in Section 5.1.2.1. This 

classification is based on room temperature Raman spectra. Further research revealed that 

cryogenic temperatures have a significant impact on the fluorescence noise in Raman spectra. 

This is discussed in detail in Chapter 7, which describes the effects of extreme low temperatures 

on Raman spectra in the context of each molecule category.  

 Compound 
Priority 325 

nm 
532 
nm 

633 
nm 

785 
nm 

Amino Acids 
  
  
  
  

Alanine B  1 1 1 

Glutamic Acid B 1 3 3 1 

Glycine A 1 3 2 1 

Histidine A 1 3 2 1 

Tryptophan C  3 3 2 

Tyrosine C 2^ 3 3 1 

β-Alanine D 
 

1 1 1 

Carboxylic Acids 
  

Palmitic Acid A 2 1 1 1 

Ectoine A  4 3 2 

Isoprenoids 
  

Pristane B  1 1 1 

Squalane C  1 1 1 

Carotenoids 
  

β-Carotene A 5^^ 2 2 1 

Astaxanthin B 2^ 2 1 1 

Steranes 5α-Cholestane B 2 1 2 1 

Pigments 
  

C-Phycocyanin C 1 5^^ 5^^ 4^^ 

Chlorophyll A B  5^^ 4^^ 4^^ 

Nucleic Acids 
  

DNA A 4^^ 5 5 5 

RNA C 4^^ 5 5 3 

Nucleobases 
  
  

Adenine B 2 3 3 2 

Guanine B 5^^ 3 3 1 

Cytosine B 2 3 3 1 
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Thymine B  3 3 2 

Uracil B 1 3 3 1 

Carbohydrates Trehalose A 2 2 1 2 

Coenzymes Nicotinamide A 2 2 2 1 

Porphyrins 
  

Protoporphyrin IX A 1^ 2^ 3^ 5^^ 

Hemin A 1^ 1^ 3^ 3^ 

Inorganics Palagonite (HWMK101)* NA  4 5 3 

Natural 
Mixtures 

Carrot Root (natural carotene)* NA  2 3 2 

Spinach Leaf (natural chlorophyll)* NA  2^ 5^^ 3 

Table 6-1 Fluorescence interference across various excitation wavelengths and different target 

molecules for the exploration of Europa, 1 = no fluorescence and fully detectable, 2 = 

mild fluorescence but fully detectable at all laser power settings, 3 = moderate to 

severe fluorescence depending on the laser power, detectable at high laser power, 4 

= severe fluorescence with some Raman bands still visible but not enough for full 

identification, 5 = very severe fluorescence, no Raman signal visible (*complementary 

sample, ^undetectable due to laser damage despite relatively low fluorescence noise, 

^^critical level of fluorescence noise most likely associated with laser damage) 

Molecules experiencing no fluorescence are classified as class 1. These molecules are fully 

detectable and also do not represent any challenges in mixtures solely due to fluorescence. Even 

at higher relative concentrations, class 1 molecules do not generate any fluorescence that could 

potentially overshadow other molecules with weaker signals. It is important to note that a high 

concentration of a class 1 molecule could still bury the signal of a weaker molecular signature in 

the spectra, however, the presence of fluorescence significantly lowers the relative concentration 

threshold at which other molecules are undetectable. An example of a class 1 Raman spectrum is 

shown in Figure 6-1, which compares the spectrum of glycine at 785 nm excitation (class 1) and at 

532 nm excitation (class 3). The figure also shows glycine at 325 nm and 633 nm, highlighting the 

changes, such as the fluorescence noise level or different peak intensity, that can occur in the 

spectra at various excitations. 

Class 2 molecules show mild levels of fluorescence noise, which does not impact the molecule’s 

detectability at any laser power setting, i.e. all major and minor Raman peaks are still visible 

regardless of the laser power. This excludes measurements at low laser power at which some 

Raman peaks are not visible, however, this is due to the low laser power being insufficient to 

excite the signal rather than fluorescence interference. Figure 6-2 shows the spectra of ectoine, 

which is classified as a class 2 molecule at 785 nm excitation, at different laser power settings. 

While a mild fluorescence background is present in the spectra at all laser power settings, all 

ectoine Raman bands are clearly visible. While fluorescence does not affect the detectability of 

class 2 molecules, it may be problematic in mixtures as it could bury the signal of weaker 
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molecules in the sample. This is important for in-situ measurements where mixtures of various 

molecules are expected.  

 

Figure 6-1 Comparison of glycine Raman spectra at 532 nm (class 3), 785 nm (class 1), 633 nm 

(class 2) and 325 nm (class 1) 

 

Figure 6-2 Raman spectra of ectoine collected at 785 nm excitation (class 2) and at various laser 

power 
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As shown in Figure 6-1 and Figure 6-3, class 3 molecules experience a relatively high level of 

fluorescence that may be critical at least at certain laser power settings. The fluorescence noise in 

the spectra of class 3 molecules may fully overshadow all minor Raman bands but major bands 

can still be visible at least at higher laser power. This is visualized in Figure 6-3, which shows the 

comparison of glycine at different laser power at 532 nm. While fully detectable at high laser 

fluence (11.7 MJ/cm-2), only a couple of faint major Raman bands of glycine are visible at lower 

laser fluence (0.117 MJ/cm-2), which does not allow full identification. While molecules in class 3 

are detectable, the fluorescence noise in the spectra is critical and full identification may only be 

possible at higher laser power. In terms of in-situ exploration of Europa, class 3 molecules can also 

be a significant risk factor for the detectability of other molecules in mixtures. Since mixtures of 

various molecular species are likely to occur in the sampled Europan soil, it is very likely that the 

presence of a class 3 molecule and its high fluorescence background noise will prevent the 

detection of other molecules with weaker signals or at a lower concentration. 

 

Figure 6-3 Comparison of glycine Raman spectra at 532 nm at two different laser power settings 

(class 3), most Raman bands are lost in the spectra at a lower laser fluence 

As opposed to class 3 molecules, class 4 molecules are not identifiable. Although some major 

Raman bands are visible at higher laser power, this is not sufficient for unambiguous 

identification. Figure 6-4 shows ectoine, which Is classified as class 4 at 532 nm excitation. The 

figure displays the comparison of the ectoine spectra at 532 nm (class 4) and 633 nm (class 3). The 

figure shows the barely visible major bands of ectoine at 532 nm in comparison with the 633 nm 

spectra where fluorescence is also prominent but the higher SNR of the Raman bands still allows 

identification.  
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Figure 6-4 Raman spectra of ectoine at 532 nm excitation (class 4) compared to 633 nm excitation 

(class 3) 

Molecules with a very high fluorescence background that overshadows all Raman bands at all 

laser power settings and that are not detectable at all are classified as class 5. Both class 4 and 5 

can be a major limiting factor in the detectability of molecules in mixtures.  

It is important to highlight that some molecules may experience high fluorescence at a certain 

excitation wavelength but not within the spectral range important for the molecule’s 

identification. As such, this fluorescence does not have any impact on the detectability of the 

molecule. The most prominent example of this are porphyrins. Protoporphyrin IX experiences a 

severe fluorescence noise at 532 nm, however, only in the region above 2200 cm-1, as shown in 

Figure 6-5. Since the spectroscopic signature of protoporphyrin lies between 200 – 1800 cm-1, 

where the fluorescence noise ranges from none to mild, the interference has no impact on the 

identifiability of the molecule and protoporphyrin is thus classified as category 2 at 532 nm.  

Further to this, while porphyrin derivatives such as hemin, protoporphyrin IX and chlorophyll and 

some other molecules, do not nominally show high fluorescence in their spectra - such that would 

impede their identification - they were undetectable nevertheless due to the severe laser damage 

which decreases their signal strength. As shown in Figure 6-5, only a mild fluorescence noise is 

present in the signature region of protoporphyrin at 532 nm, however, the Raman signal of the 

signature is very low and the molecule is not fully identifiable. This is the result of 

protoporphyrin’s photosensitivity leading to signal reduction due to laser damage. This is denoted 

by a caret mark in Table 6-1 and the phenomenon is described further in Section 6.2. Likewise, 

some molecules experienced very high levels of fluorescence, which made them completely 

undetectable, however, the critical level of fluorescence was most likely associated with laser 

damage. This mostly includes laser damage susceptible molecules at the high energy 325 nm 
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excitation and pigment molecules at visible and NIR excitation. This is highlighted in Table 6-1 by a 

double caret sign and further discussion on the laser damage is provided in Section 6.2. 

 

Figure 6-5 Full range Raman spectra of Protoporphyrin IX at 532 nm 

The data shows that some classes of target molecules, such as pigments, nucleic acids and 

inorganics, exhibit a very strong fluorescence background at all tested excitation wavelengths. 

Similarly, some target molecules are fully detectable or experience only low fluorescence 

background at all measured excitation wavelengths. These molecules include trehalose, palmitic 

acid, 5α cholestane and nicotinamide. Most amino acids and nucleobases could also be detectable 

to some degree at all measured excitation wavelengths given an appropriate laser power setting.  

Overall, the data shown in Table 6-1 clearly demonstrate that 785 nm excitation outperforms 

both visible and UV excitation in terms of the impact of fluorescence on the spectra of target 

molecules. With the exception of nucleic acids, which are not detectable at any of the tested 

wavelengths, and porphyrins and their derivatives, which show lower fluorescence interference in 

the visible, 785 nm excitation offers spectra with much lower fluorescence interference for most 

molecules. It is important to state that this does not consider any minerals and inorganic 

compounds, for which 532 nm excitation is typically preferred and which could still excite 

fluorescence at 785 nm.  

While a significant risk of interference would still exist, a 785 nm Raman system could be 

potentially used without employing a fluorescence mitigation mechanism as long as a high spatial 

resolution is available. This would be an extremely simple and inexpensive solution that could still 

achieve reasonable scientific results in case such an approach is necessary.  

Depending on the relative concentrations and signal strength of the target molecules, a simple 

computational fluorescence mitigation method based on fluorescence baseline subtraction may 
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also still be effective in some cases. While this could also be an attractively simple solution, it 

would only be effective if only class 1 and 2 molecules are expected to be present in the sample 

and at relatively even concentrations or if high spatial resolution is possible to prevent general 

spectral interference. As this is unlikely on Europa, a more sophisticated fluorescence mitigation 

technique such as time gating or SSE would be advisable. Additionally, a signal enhancement 

mechanism to offset the low Raman signal at 785 nm would be necessary, which would 

counteract the simplicity of the 785 nm design even if no fluorescence reduction mechanism was 

used. 

While measurements at 325 nm only comprise an incomplete set of target molecules and thus 

cannot be used to draw definitive conclusions, the data also show that many high importance 

molecules such as amino acids, nucleobases, trehalose and nicotinamide show the same or lower 

fluorescence noise at 325 nm compared to visible excitation. Most notably, Raman spectra of 

phycocyanin, which fluoresces very strongly at visible to NIR excitation, were successfully 

obtained at 325 nm without any fluorescence interference. This indicates that UV excitation may 

be more suitable than visible excitation for the detection of the targeted molecules and in some 

cases, it may be the only option. While this trend could not be confirmed in the DUV excitation 

wavelength region as this was not within the scope of the research project, even better results 

could be potentially obtained using DUV excitation. The fluorescence signal would be well 

separated from the Raman signal at excitation wavelengths below 250 nm  [114], which could 

reduce the impact of fluorescence significantly. Notably, this effect is used to mitigate 

fluorescence by SHERLOC, one of the Raman instruments on launched the most recent Mars 

mission [118]. However, many molecules that experience high fluorescence levels at visible, NIR 

or UV excitation are also susceptible to laser damage, which makes measurements at the high 

energy DUV excitation challenging. As described in Section 6.2, laser damage was much more 

prominent at the UV excitation compared to visible and NIR, which could be even more critical at 

DUV excitation. Particularly, porphyrins and porphyrin derivatives fluoresce the most in NIR and 

higher visible and the severity of the fluorescence interference decreases significantly towards 

lower excitation wavelengths in the visible and UV region. However, porphyrins are extremely 

photo sensitive and not detectable at either of the tested excitations even despite the low 

fluorescence. This can be assigned to the signal decrease due to laser damage, which is described 

in more detail in Section 6.2. Note that this only refers to room temperature measurements as 

Raman spectra of porphyrins at low temperatures show much higher signals allowing full 

identification. This is described in more detail in Chapter 7. 

As it stands, a UV system would be unlikely to mitigate the fluorescence enough on its own and 

DUV excitation would be necessary to effectively reduce the fluorescence interference. Such a 
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system could be a relatively simple solution without the need for a fluorescence mitigation 

mechanism and would also provide higher sensitivity than longer excitation wavelengths. 

However, as discussed in Section 8.1.2 and Chapter 9, this may still not be enough for the 

detection of biosignatures on Europa. Additionally, even with no fluorescence mitigation and 

signal enhancement mechanisms, DUV Raman systems are still much more complex than Raman 

spectrometers using the more traditional visible or NIR excitation. This is associated with the 

additional complexity of incorporating the high energy DUV lasers and technology readiness and 

availability issues of these laser systems and DUV compatible optics. 

Based on the fluorescence data, neither 532 nm or 633 nm excitation is particularly suitable for 

the detection of biosignatures on Europa without an efficient fluorescence mitigation technique. 

This result was expected as most biosignatures are organic molecules, which are known to 

generate a high fluorescence background, especially at visible excitation wavelengths. 

Nevertheless, the detectability of some important biosignatures such as amino acids, nucleobases 

or trehalose across all measured excitation wavelengths also indicates that a Raman instrument 

with a visible excitation wavelength, although not ideally suited for the purposes, could 

potentially detect a limited number of biosignatures. This means that a visible excitation Raman 

instrument that is tailored to a different purpose than the detection of life, such as the detection 

of minerals, could also be used for the detection of some biosignatures even despite its limited 

effectiveness compared to instruments with a more suitable excitation wavelength. Notably, a 

green excitation laser was selected for the RLS instrument, which is a Raman spectrometer for the 

upcoming ExoMars mission [51]. 

Solely based on the fluorescence interference, the 633 nm excitation slightly outperforms the 

green 532 nm excitation, however, there are benefits in using 532 nm instead of the less widely 

used 633 nm. Firstly, 532 nm excitation provides a higher Raman signal without exceeding the 

carbon to carbon bond dissociation energy [159] and inducing excessive laser damage similar to 

UV excitation. It is also one of the most commonly used excitation wavelengths with high TRL 

lasers and optics readily available. It has been particularly popular for mineralogy and inorganics 

and an effective fluorescence mitigation technique such as time gating or SSE could allow the 

detection of most of the targeted molecules. This could make 532 nm just as suitable as 785 nm 

excitation at a higher nominal Raman signal.  

It is important to note that only a limited set of target molecules could be explored in this 

research and, while representative molecules were selected where possible, this may not 

necessarily reflect the content of the sample material collected on Europa. This review also does 

not include any potential minerals present in the soil, which may cause interference and which 
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are also an important detection target for a future mission to Europa. It is important to state that 

Raman spectra and the fluorescence interference of minerals at different excitations have been 

successfully mapped in the rruff database, which is publicly available and contains 3527 of the 

4895 mineral species known on Earth [328], [329]. Since no such database exists for biomolecules 

and biosignatures for extraterrestrial exploration, this research focuses mainly on these 

molecules. While it was impossible to cover a higher number of biomolecules as a part of this 

research, a review of the fluorescence impact in the spectra of other molecules important for 

astrobiology across visible, NIR and DUV excitation would be a highly valuable resource. For 

reference, the rruff database has successfully recognized that 84% of the minerals contained in 

the database can be identified by both 532 nm and 785 nm excitation with only 8% of the 

minerals completely unidentifiable by either [329]. A similarly broad review of biosignatures and 

their Raman spectra would be a very useful asset for the future of Raman spectroscopy in 

planetary sciences. 

6.2 Laser Damage 

Laser induced sample degradation can severely impact the identifiability of molecules in Raman 

spectra. The observed laser damage thresholds at each excitation wavelength are shown in Table 

6-2 together with the type of damage observed, i.e. change in the spectra or physical change of 

the sample. The occurrence of laser damage signs in the spectra or physical appearance of the 

sample did not automatically make the molecule undetectable and the laser damage threshold for 

detectability is thus shown in Table 6-3. In this case, the threshold refers to the detectability limit 

solely due to laser damage and as such, the limit was not possible to determine for molecules that 

were not detectable at all due to other reasons, i.e. fluorescence or weak signal. This is 

highlighted in Table 6-3 where appropriate. 

 Compound Priority 

Laser Damage Threshold: 
Damage Type (S = spectral, V = visible) 

Laser Fluence [kJ/cm2 or MJ/cm2] 
Total Energy Dose [mJ] 

325 nm 532 nm 633 nm 785 nm 

Amino Acids 
  
  
  
  

Alanine B  none none none 

Glutamic Acid 
B 

S 
10.9 MJ/cm2 

54 mJ  

none none none 

Glycine A none none none none 

Histidine 
A 

S 
1.1 MJ/cm2 

5.4 mJ 
none none none 

Tryptophan C  none none none 
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Tyrosine 
C 

S 
1.1 MJ/cm2 

5.4 mJ 
none none none 

β-Alanine D  none none none 

Carboxylic Acids 
  

Palmitic Acid A none none none none 

Ectoine A  none none none 

Isoprenoids 
  

Pristane B  none none none 

Squalane C  none none none 

Carotenoids 
  

β-Carotene 
A 

S 
2.2 MJ/cm2 

10.8 mJ 
none none  none 

Astaxanthin 
B 

S 
1.1 MJ/cm2 

5.4 mJ 
none none  none 

Steranes 

5α-Cholestane 
B 

S 
2.2 MJ/cm2 

10.8 mJ 
none none  none 

Pigments 
  

C-Phycocyanin 
C 

S 
0.22 MJ/cm2 

1.1 mJ 
none none  none 

Chlorophyll A 
B  

S 
1.2 MJ/cm2 

269.4 mJ 
none  none 

Nucleic Acids 
  

DNA 
A 

V 
0.22 MJ/cm2 

1.1 mJ 
none none none 

RNA 
C 

SV 
0.22 MJ/cm2 

1.1 mJ 
none none none 

Nucleobases 
  
  
  
  

Adenine 
B 

S 
10.9 MJ/cm2 

54 mJ 
none none none 

Guanine 
B 

SV 
2.2 MJ/cm2 

10.8 mJ 
none none none 

Cytosine 
B 

V 
1.1 MJ/cm2 

5.4 mJ 
none none none 

Thymine B  none none none 

Uracil 
B 

SV 
10.9 MJ/cm2 

54 mJ 
none none none 

Carbohydrates Trehalose A none none none none 

Coenzymes 

Nicotinamide 
A 

SV 
1.1 MJ/cm2 

5.4 mJ 
none none none 

Porphyrins 
  

Protoporphyrin 
IX A 

SV 
1.1 MJ/cm2 

5.4 mJ 

S 
0.12 MJ/cm2 

26.94 mJ 

S 
1.92 kJ/cm2 

0.62 mJ 
none 

Hemin 
A 

SV 
1.1 MJ/cm2 

5.4 mJ 

S 
2.35 MJ/cm2 

538.8 mJ 

S 
0.19 MJ/cm2 

124.8 mJ 

S 
27.6 kJ/cm2 

13.8 mJ 

Inorganics 
Palagonite 
(HWMK101) 

NA  none none none 
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Natural 
Mixtures 

Carrot Root 
(natural 
carotene) 

NA  none none none 

Spinach Leaf 
(natural 
chlorophyll) 

NA  none none none 

Table 6-2 Laser damage thresholds of selected target molecules at UV, visible and NIR excitation, 

the lowest laser damage thresholds at each wavelength are highlighted in red 

 Compound Priority 

Laser Damage Detectability Threshold: 
Damage Type (S = spectral, V = visible) 

Laser Fluence [MJ/cm2] 
Total Energy Dose [mJ] 

325 nm 532 nm 633 nm 785 nm 

Amino Acids 
  
  
  
  

Alanine B  none none none 

Glutamic Acid 
B 

S 
10.9 MJ/cm2 

54 mJ  

none none none 

Glycine A none none none none 

Histidine 
A 

SV 
21.9 MJ/cm2 

108 mJ 
none none none 

Tryptophan C  none none none 

Tyrosine C U none none none 

β-Alanine D  none none none 

Carboxylic Acids 
  

Palmitic Acid A none none none none 

Ectoine A  none none none 

Isoprenoids 
  

Pristane B  none none none 

Squalane C  none none none 

Carotenoids 
  

β-Carotene A U none none  none 

Astaxanthin B U none none  none 

Steranes 

5α-Cholestane 
B 

S 
10.9 MJ/cm2 

54 mJ 
none none  none 

Pigments 
  

C-Phycocyanin C none U U none 

Chlorophyll A B  U none  none 

Nucleic Acids 
  

DNA A U U U U 

RNA C U U U none 

Nucleobases 
  
  
  
  

Adenine B none none none none 

Guanine B U none none none 

Cytosine 
B 

SV 
10.9 MJ/cm2 

54 mJ 
none none none 

Thymine B  none none none 

Uracil B none none none none 

Carbohydrates Trehalose A none none none none 

Coenzymes 

Nicotinamide 
A 

SV 
10.9 MJ/cm2 

54 mJ 
none none none 

Porphyrins 
  

Protoporphyrin 
IX 

A U 
S 

1.2 MJ/cm2 
U none 
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269.4 mJ 

Hemin 
A U 

S 
2.35 MJ/cm2 

538.8 mJ 
U U 

Inorganics 
Palagonite 
(HWMK101) 

NA  none U U 

Natural 
Mixtures 

Carrot Root 
(natural 
carotene) 

NA  none none none 

Spinach Leaf 
(natural 
chlorophyll) 

NA  none U none 

Table 6-3 Laser damage detectability thresholds of selected target molecules at UV, visible and 

NIR excitation, U = molecules for which laser damage detectability thresholds could 

not be identified as they were undetectable regardless of the laser damage  

Spectral damage observed in the tested molecules included a decrease in signal strength, 

inconsistent spectra, the presence of carbon signature bands, photoproduct bands and higher 

background noise. Typically, a signal decrease was followed by an appearance of carbon bands in 

the spectra at higher laser fluence. As the content of carbon in the sample increases due to 

continued laser damage, the SNR of the molecule’s Raman signature decreases until the carbon 

signature replaces the molecule’s original spectrum completely. This trend is shown in Figure 6-6 

and Figure 6-7 showing histidine at different laser fluence levels at 325 nm excitation. Figure 6-6 

shows histidine before laser damage (at 1.08 mJ total energy dose) and at 10.8 mJ total energy 

dose, where carbon signature appears around 1550-1600 cm-1 in the spectra together with higher 

background noise as the sample becomes damaged. Figure 6-7 then shows that at even higher 

laser fluence, the Raman peaks of histidine are suppressed and eventually carbon becomes 

prominent and replaces the spectra completely. Interestingly, histidine remains fully detectable 

across a relatively wide range of laser fluence even after laser damage appears in the spectra at 

1093 kJ/cm-2 (5.4 mJ). 

Visible damage observed during testing included exclusively discolouration of the sample at the 

location of laser incidence. While the damage was apparent in most samples, in dark samples 

such as carotenoids or porphyrins the discolouration proved difficult to detect underneath the 

microscope and an earlier occurrence of laser damage than recorded in Table 6-2 and Table 6-3 is 

possible. The physical damage of cytosine across the range of 1093 kJ/cm-2 (5.4 mJ) to 21.9 

MJ/cm-2 (108 mJ) is shown in Figure 6-8. The corresponding spectra are shown in Figure 6-9. The 

laser damage ranges from a barely visible darker spot and no visible spectral damage at 1093 

kJ/cm-2 (5.4 mJ) to a distinct burn and overwhelming carbon spectral signature at 10.9 MJ/cm-2 

(54 mJ). 
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Figure 6-6 Histidine laser damage at UV excitation (325 nm) compared to 325 nm spectra below 

the laser damage threshold 

 

Figure 6-7 Histidine laser damage progression at UV excitation (325 nm) at a high laser fluence 

In most cases, the first signs of laser damage occurred in the spectra and visible damage followed 

at a higher laser fluence. However, in some cases, such as protoporphyrin, uracil, guanine, and 

RNA at 325 nm, both types of laser damage signs occurred at the same time. In a few cases, 

namely DNA and cytosine at 325 nm, visible damage occurred before any signs of damage 

appeared in the spectra.  

The data clearly shows that the high energy UV laser at 325 nm is much more destructive than 

excitation at visible or NIR wavelength. Most molecules examined at 325 nm excitation 

experienced some degree of laser damage, however, the testing revealed that successful 

detection is possible and that the damage thresholds are relatively high for many of the tested 
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Figure 6-8 Physical signs of laser damage of cytosine at 325 nm, top left - 1093 kJ/cm-2 (5.4 mJ), 

top right - 2187 kJ/cm-2 (10.8 mJ), bottom left - 10.9 MJ/cm-2 (54 mJ), bottom right - 

21.9 MJ/cm-2 (108 mJ) 

 

Figure 6-9 Cytosine laser damage at UV excitation (325 nm) 

 

0 500 1000 1500 2000 2500 3000 3500 4000

In
te

n
si

ty

Raman Shift (cm-1)

5.4 mJ, 1093 kJ/cm-2 10.8 mJ, 2187 kJ/cm-2 54 mJ, 10.9 MJ/cm-2



Chapter 6 

92 

molecules. Notably, amino acids, palmitic acid (representing carboxylic acids) and nucleobases, 

which are traditionally important biosignatures for the search of extraterrestrial life, can be 

detected at UV excitation with no or mild fluorescence background even despite the laser damage 

at higher laser fluence levels. These molecules are traditionally perceived as photosensitive 

organic compounds and short excitation wavelengths are deemed unsuitable for their detection 

due to laser damage concerns. However, the identified laser damage thresholds are relatively 

high and full detection is possible across a relatively wide range of laser fluence in most cases. In 

many cases, full identification is possible even despite the laser damage. This is shown in Figure 

6-6 and Figure 6-7, which show the spectra of histidine at 325 nm at different laser power 

settings. As seen in Figure 6-6, histidine displays no spectral laser damage at 219 kJ/cm-2 (1.08 mJ)  

and remains fully identifiable even with the carbon signature appearing in the spectra and 

signalling laser damage at 2187 kJ/cm-2 (10.8 mJ). Figure 6-7 then shows that histidine remains 

fully detectable at even higher laser fluence of 10.9 MJ/cm-2 (54 mJ) with more prominent spectral 

signs of laser damage and only becomes unidentifiable at 21.9 MJ/cm-2 (108 mJ). A similar trend is 

observed in the spectra of cytosine shown in Figure 6-9. Moreover, within the tested laser power 

range, no laser damage was detected in the spectra of palmitic acid, glycine, cholestane and 

trehalose.  

The lowest detected laser damage threshold at 325 nm was at 219 kJ/cm-2 (1.08 mJ) in the spectra 

of phycocyanin, DNA and RNA. However, most of the tested molecules exhibited laser damage at 

1093 kJ/cm-2 (5.4 mJ) or above. The lowest detectability threshold was 10.9 MJ/cm-2 (54 mJ). It is 

important to note that these are relatively high thresholds and optimization of the laser fluence 

below these limits can yield high quality Raman spectra. The most photosensitive molecules at 

325 nm were nucleic acids and phycocyanin. 

Some samples, such as carotenoids or nucleic acids, were not successfully detected at 325 nm 

before laser damage occurred, however, this was mainly due to the fluorescence background 

impeding the identification of Raman peaks. As such, the laser damage thresholds could not be 

accurately determined. It is possible that excitation at a shorter wavelength would decrease the 

fluorescence effect and allow a more complete assessment of the laser damage thresholds. 

Nevertheless, it is also important to note that a lower excitation wavelength could also cause 

more severe laser damage at much lower laser fluence levels.  

Porphyrins, which were also not identifiable at 325 nm, reached laser damage before any Raman 

signal was obtained. Porphyrins are known to be extremely photosensitive and this result was 

expected. However, this might have been also caused by the large laser fluence increments during 
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testing. As such, porphyrins could be detectable at laser fluence levels between the laser fluence 

levels of the measurements during the experiment.  

As shown in Table 6-2 and Table 6-3, only porphyrin derivative molecules are susceptible to laser 

damage in the measured laser power range at visible and NIR excitation. Namely, signs of laser 

damage were observed in the spectra of chlorophyll at 532 nm, protoporphyrin IX at 532 nm and 

633 nm and hemin at 532 nm, 633 nm as well as 785 nm. Only hemin showed signs of 

photodamage at NIR. This is not a surprising result as porphyrins and their derivatives are known 

to be extremely photosensitive. Out of these molecules, only hemin and protoporphyrin IX are 

identifiable and only at 532 nm excitation. The Raman spectra of hemin and protoporphyrin IX at 

532 nm excitation across various laser power settings is shown in Figure 6-10. Please note that the 

following results have been published in an article for the Analytical Methods journal [311]. 

As shown in the figure, only a relatively small change in the laser power density can severely 

affect the Raman signature of porphyrins in terms of the signal strength, definition and 

occurrence of sample degradation signs. A spectral signature of hemin can be distinguished in the 

Raman spectra obtained at 9.77 kW/cm2, however, the signal gradually decreases until it is barely 

resolvable at 1.95 kW/cm2 and no signal is detected at any lower power setting. Likewise, the 

hemin signature intensity also reduces at laser power density above the 9.77 kW/cm2 level and 

becomes increasingly overshadowed by the Raman signature of photodegradation products. Even 

at a relatively small laser power increase of 2.24 mW (i.e. 9.73 kW/cm2 power density), the hemin 

signal disappears completely within the carbon signature induced by sample thermal degradation. 

As shown in Figure 6-10, protoporphyrin seems to be even more photosensitive as a significant 

signal decrease caused by laser damage is observable even at a slightly higher laser power density 

than the 195 W/cm2 setting, at which spectra with optimal signal strength could be obtained. The 

signal then becomes unresolvable at 1.95 kW/cm2 even despite the absence of a significant 

carbon photodamage signature in the spectra. 

Even at the optimal power setting, the Raman spectra of both hemin and protoporphyrin only 

barely allow the identification of the molecules. Only a very weak and low-definition Raman 

signature of hemin can be obtained and the spectra of protoporphyrin only show its most 

dominant Raman bands.  

While carbon signature signalling photodamage appeared in the spectra of chlorophyll at 532 nm, 

chlorophyll is not identifiable at this excitation and laser damage at a lower energy level could 

have occurred without any obvious signs in the spectra. This may be partly due to the severe 

fluorescence background, however, the absence of photodamage in the naturally occurring 
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chlorophyll in spinach indicates that a reduction in the pure chlorophyll signal strength may have 

occurred due to laser damage. This would decrease the SNR and make the molecule undetectable 

even despite relatively low nominal fluorescence background noise. This also explains the low 

signal strength observed in the spectra of porphyrins. 

 

Figure 6-10 Raman spectra of hemin (a) and protoporphyrin IX (b) at 532 nm excitation across 

different laser power settings at room temperature (22 °C) showing low signal 

strength even at the optimal power density of 9.77 kW/cm2 for hemin and 195 

W/cm2 for protoporphyrin [311] 

There are two separate types of photodegradation that could contribute to the sample damage 

observed in the spectra, photochemical and photothermal degradation. Photochemical 

degradation in organic samples is often associated with photooxidation. This would be mitigated 

in a nitrogen purged environment such as applied during testing at cryogenic temperatures and 

further discussion on this is provided in Chapter 7. Photothermal degradation, which is most likely 

the degradation observed in the porphyrin spectra, is the result of localized heat build-up. This 

can be mitigated or potentially prevented entirely by applying a heat sink. Previous research 

shows reduced photothermal degradation as a result of mixing the pure porphyrin sample with a 

KBr at 1% concentration and pressing the sample into a pellet, which acts as a heat sink [330]. The 

main constituent of spinach is chlorophyll, which is a porphyrin derivative molecule. However, the 

naturally occurring chlorophyll in spinach is embedded in a tissue of organic matter at a much 
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lower concentration than the pure chlorophyll sample. Based on the results, this tissue matrix 

seems to act as a heat sink, which thus limits the photothermal degradation of a naturally 

occurring porphyrin derivative. As shown in Figure 6-11, as opposed to the pure sample, some 

major bands of chlorophyll are visible in the spectra of spinach. 

 

Figure 6-11 Comparison of the Raman spectra of pure chlorophyll and spinach obtained at 785 nm 

This may be an important factor in the detection of biosignatures on Europa as all target 

molecules on Europa would be naturally mixed in a low concentration water/ice solution. While 

the low concentration may be an issue in terms of the instrument requirements, it may be a very 

beneficial factor in reducing the impact of laser damage. While this needs to be confirmed 

experimentally, the results indicate that the higher energy lasers and higher laser power may be 

much less damaging to in-situ Europan samples than to pure terrestrial samples. This would make 

the fluorescence-free high energy DUV lasers, which may also allow lower LOD than traditional 

lower energy lasers, a potentially attractive choice for the exploration of Europa. Furthermore, 

the extreme low temperature on Europa could provide further heat dissipation in the sample, 

which could further mitigate laser damage and allow the detection of photosensitive samples 

undetectable at terrestrial conditions. The effect of extreme low temperatures on sample laser 

damage is explored as a part of the low temperature detection limit testing and the results are 

described in detail in Chapter 7. 

Besides porphyrin derivative molecules, no other molecular species displayed signs of laser 

damage at visible and NIR excitation. However, it is important to state that laser damage could 

have not been immediately obvious in the spectra of molecules that were undetectable at visible 

and NIR excitation due to high fluorescence noise. These molecules include nucleic acids and 

phycocyanin, which are typically considered to be very photosensitive, and while no damage was 

observed, it may have been present within the high fluorescent background noise impeding their 
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identification. Furthermore, laser damage can cause fluorescence to appear in the spectra or 

increase its relative intensity to the Raman signal, which could have also contributed to the critical 

levels of fluorescence impeding the identification of these molecules. However, it is also 

important to state that despite a high fluorescence noise and alleged photosensitivity, RNA was 

identifiable at 785 nm excitation. The Raman spectra of RNA obtained at 785 nm at various laser 

power is shown in Figure 6-12. The spectra do not show any indication of laser damage.  

 

Figure 6-12 Raman spectra of RNA at 785 nm and various total energy dose 

Overall, the most sensitive molecule at 532 nm excitation was protoporphyrin IX with the lowest 

laser damage threshold of 0.12 MJ/cm2 (26.94 mJ). Protoporphyrin IX was also the most sensitive 

molecule at 633 nm with the lowest laser damage threshold of 1.92 kJ/cm2 (0.62 mJ). 

Interestingly, no laser damage was recorded in the spectra of protoporphyrin IX at 785 nm 

excitation and the only damaged molecule at this excitation was hemin with a laser damage 

threshold of 27.6 kJ/cm2 (13.8 mJ). These are much lower thresholds than most laser damage 

thresholds observed even at the high energy excitation of 325 nm, which highlights how sensitive 

porphyrin molecules are compared to the other target molecules. Interestingly, the porphyrin 

laser damage thresholds at 325 nm were higher than at visible and NIR excitation even despite 

the higher energy of the laser. Laser damage detectability thresholds at visible and NIR excitation 

could only be determined for hemin and protoporphyrin IX at 532 nm as other molecules 

experiencing photodamage at these excitation wavelengths were not detectable at all due to high 

fluorescence noise.  Among the two porphyrins, the laser damage threshold for detectability was 

lower for protoporphyrin at 1.2 MJ/cm2 (269.4 mJ), which is one order of magnitude higher than 

its laser damage threshold.  

The maximum fluence of the laser or maximum total energy dose delivered to the sample by the 

laser radiation in order to avoid sample degradation is dependent on the specific laser source, its 
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power, instrument set up and exposure time [160]. However, a 3 mJ total energy dose or fluence 

of 59 J/cm2 have been suggested as a safe limit with good results as demonstrated by previously 

proposed UV Raman systems for the detection of organic material [98]. Studies have also shown 

no detectable sample degradation of organic material at DUV excitation up to 400 J/cm2, only 

reaching detectable spectral degradation of nucleotides and amino acids at 4000 J/cm2 [98], 

[160]. Some reports have shown no degradation of organic samples at 1000 J/cm2 [85], [98], 

[104]. This is also closely connected with the choice of optics for the instrument as the spot size of 

the laser can reduce or increase the sample fluence.  

Compared to the experimental results, the safe limit of 3 mJ total energy dose for UV Raman 

systems proposed in the literature seems fairly well aligned with the experimental results at 

325 nm. In most cases, higher thresholds were identified, but the 3 mJ total energy dose would be 

a safe level for most examined molecules. Having said that, phycocyanin, and nucleic acids 

showed much lower thresholds than the suggested 3 mJ total energy dose.  

As opposed to the total energy dose threshold, the laser fluence threshold does not account for 

the exposure time and it is more indicative of the optics set up. As such it can differ across 

different Raman systems. This is also evident from the wide range of laser degradation thresholds 

proposed to date. Compared to the suggested values, the experimentally obtained laser fluence 

thresholds are orders of magnitude higher. This shows that the total energy dose may be a much 

more reliable metric for the assessment of sample degradation thresholds.   
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Chapter 7 Detection Limits: Effects of Extreme Low 

Temperatures 

The effects of the extreme low temperatures analogous to Europa on the Raman spectra of target 

molecules are very specific for each molecule. As such the thermally induced changes in the 

spectra are discussed in the context of the molecule class in the following sections. The overall 

impact of the observed effects on the detectability of target molecules and the instrument design 

considerations is discussed is Chapter 9 together with the impact of other detection limits 

examined in this study. The instrument design requirements are then discussed in more detail 

Chapter 10. 

7.1 Amino Acids 

The amino acids class of target molecules offers an opportunity to compare the thermally induced 

changes within the spectra at cryogenic temperatures between molecules with varying molecular 

structure and complexity that are nevertheless within the same molecular species and chemically 

similar. Unfortunately, strong fluorescence in the spectra collected at 532 nm excitation prevents 

any meaningful assessment of the thermally induced changes except for an analysis of the 

fluorescence noise tendencies at cryogenic temperatures. However, the spectra collected at 785 

nm provide a much clearer picture. Particularly, a comparison between L-Alanine, Glycine, L-

Histidine and L-Tryptophan at 785 nm is especially insightful due to the different properties of the 

Raman spectra and molecular structures of these molecules. Specifically, L-Tryptophan is mildly 

fluorescent at 785 nm excitation, which allows investigation of the impact of the extreme low 

temperature on the fluorescence noise without the noise overshadowing the spectra entirely as is 

typically the case at 532 nm. Glycine is the simplest amino acid compared to other amino acids 

and has no chirality. Alanine is the second simplest, after Glycine, but also includes an additional 

methyl side chain, which provides more information on the spectral changes at low temperatures 

in the context of the molecular structure. Both L-Tryptophan and L-Histidine include an aromatic 

ring, however, L-Histidine does not experience any fluorescence at 785 nm. This provides more 

information on the behaviour of aromatic structures at cryogenic temperatures without 

fluorescence noise affecting the data. The Raman spectra of L-Histidine is also relatively complex 

compared to other amino acids and the large number of Raman bands can provide more insight 

into the thermally induced spectral changes in the context of spectral interference. The study of 

the thermal changes observed in the spectra of these 4 amino acids is described in detail below. 

These results have also been published in the Astrobiology journal prior to the completion of this 
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thesis [310].  Please note that re-use of the text is permitted by the journal self-archiving policy. 

Aspects of this work were also presented at the Fall 2021 AGU Conference [331].  

7.1.1 Glycine 

The Raman spectra of the simplest amino acid, Glycine, obtained at various temperature points 

ranging from room temperature (22 ᴼC) to -196 ᴼC at 785 nm excitation are shown in Figure 7-1. 

As displayed in this figure, Raman bands of Glycine shift to higher frequencies with decreasing 

temperature. Table 7-1 shows the numerical comparison of the Raman bands at room 

temperature, -100 ᴼC and -196 ᴼC.  

 

Figure 7-1 Raman spectra of Glycine at various temperatures in the range of 22 ᴼC to -196 ᴼC, 

where ν = stretching, ω = wagging, ρ = rocking, β = bending, τ = torsion, sc = 

scissoring, as = asymmetric. Assignments are based on an optimized Density 

Functional Theory (DFT) vibrational frequency calculation using Split Valence 

Polarization (SVP) and polarizability calculations for Raman vibrational frequencies 

and Raman activity together with a review of previously published assignments 

[312]–[314]. A vertical arrow highlights the split of the 497 cm-1 band, diagonal 

arrows highlight bands detailed in Figure 7-2 [310] 
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As a result of these shifts, some Raman bands nominally not resolvable at room temperature are 

detectable at lower temperatures. Most notably, Raman band nominally at 497 cm-1 that appears 

as a single wide Raman band at 22 ᴼC, visibly splits into two separate Raman bands, 491 cm-1 (CH2 

rocking) and 509 cm-1 (CCO scissoring), at -20 ᴼC and becomes fully resolvable as two separate 

Raman bands at -100 ᴼC. This is highlighted with an arrow in Figure 7-1. Similarly, Raman bands at 

around 185 cm-1 and 196 cm-1 that blend with the Raman band at 163 cm-1 (all associated with 

NH2 torsion) and are not individually resolvable at room temperature also show better definition 

at lower temperatures. The Raman band at 196 cm-1 can be first detected at -20 ᴼC and is fully 

resolvable at -196 ᴼC. Likewise, first detectable at -100 ᴼC, the emerging Raman band at 185 cm-1 

continues to separate and become more defined with decreasing temperature, however, it was 

not fully resolved within the measured temperature range. 

Band 
(Figure 7-1) 

v1 v2 v3 v4 v5 v6 v7 v8 v9 v10 v11 v12 v13 v14 v15 v16 v17 

Raman shift 
at 22ᴼC 

163   358 497  602 699 895 1039 1112 1144 1331 1417 1446 1462 1576 

new 
bands* 

 185 

(-100 
ᴼC) 

196 

(-20 
ᴼC) 

  509 

(-20 
ᴼC) 

           

Raman shift 
at -100 ᴼC 

168 185 204 361 491 516 604 702 897 1041 1118 1147 1332 1421 1447 1464 1579 

Raman shift 
at -196 ᴼC 

171 188 208 363 492 522 605 703 898 1041 1120 1149 1332 1422 1447 1465 1580 

Table 7-1 Glycine Raman bands at 22 ᴼC, -100 ᴼC and -196 ᴼC (*temperature at which the new 

band is first detectable in the brackets) [310] 

Figure 7-2 shows the profile of the Raman shift of the 1331 cm-1 (asymmetrical stretching of CCO) 

and 895 cm-1 (NH2 wagging) bands, the two most dominant bands in the Glycine spectra, at 

decreasing temperature, as well as the profile of the Raman band width narrowing. Other Raman 

bands of Glycine show similar trends.  

As displayed in Figure 7-2, the Raman bands shift towards higher frequencies with decreasing 

temperature and the rate of change decreases significantly towards the lowest measured 

temperature. All Glycine Raman bands shifted towards higher frequencies except for the Raman 

band nominally at 497 cm-1 (CH2 rocking), which shifted towards lower frequencies with 

decreasing temperature. However, this is likely due to the split of the 497 cm-1 band into two 

separate bands at lower temperatures as the centre Raman shift of the two blended peaks at 
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room temperature would have been detected in between the Raman shift of the two individual 

peaks. 

 

Figure 7-2 The profile of the changes in the Raman band shift and width of the Glycine 

asymmetrical stretching of CCO Raman band at 1331 cm-1 (a and c respectively) and 

NH2 wagging at 895 cm-1 (b and d respectively). These bands are highlighted with 

arrows in the spectra in Figure 7-1. A general trend of the change is highlighted using 

a 3rd order polynomial curve. 2σ error bars calculated for these peaks at each 

temperature over 3 measurements at 3 different power settings are included in (a), 

(c) and (d) to indicate the relative significance of the changes. 3σ error bars are 

displayed in (b) as the change was too great for 2σ error bars to be visible [310] 

The maximum measured shift difference between the room temperature and -196 ᴼC Raman 

spectra was 24.97 cm-1 (509 cm-1 Raman band CCO scissoring) and the minimum 1.16 cm-1 

(1446 cm-1 Raman band assigned to CH2 scissoring). Both are well beyond the room temperature 

3σ error threshold (1.21 cm-1 and 0.21 cm-1 respectively). This indicates that even the minimum 

shift difference measured in the Glycine spectra is a significant change that cannot be attributed 

to variability in the spectra or instrumental error. However, the maximum shift difference was 

likely measured higher than the true shift difference as a result of the nominal room temperature 

shift of 509 cm-1 band being lower than its true room temperature shift whilst merged with the 

497 cm-1 band. All changes in the Raman shift observed at -196 ᴼC were greater than the room 

temperature 3σ error thresholds of the corresponding Raman bands. This indicates that the 
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observed changes including minimal changes of less than 2 cm-1 are unlikely to be the result of 

variability between measurements and can be assigned to thermal effects. 

Bands that on average shifted to higher frequencies at low temperatures by more than 2.6 cm-1 

(and up to the overall measured maximum of 24.97 cm-1) were all associated with vibrational 

modes involving the molecule extremities, that is, the NH2 group or the COO group, or vibrations 

along the entire main chain of the molecule, that is, NCC bending, or a significant part of it, that is, 

CCO or CC=O bending. All Raman bands that shifted to lower frequencies at low temperatures or 

higher frequencies but only by a relatively small amount (<2.4 cm-1) compared to other bands 

(note that the absolute minimum positive shift was 1.16 cm-1 as stated previously) were 

predominantly associated with stretching vibrational modes or vibrational modes involving the 

inner atom of the molecule (CH2). No band solely assigned to a stretching vibration increased in 

frequency at lower temperatures by more than 2.36 cm-1. 

The change of the Raman band width with temperature, as shown in Figure 7-2, demonstrates a 

significant narrowing of the Raman band width at lower temperatures. Similarly to the Raman 

shift, the rate of change decreases towards the lowest measured temperature. The maximum 

measured Raman band width difference between that at room temperature and at -196 ᴼC 

measurements was 24.67 cm-1 at 497 cm-1 (CH2 rocking), which corresponds to a 80.14% change in 

width and falls well beyond the room temperature 3σ error threshold of 1.48 cm-1. The minimum 

Raman band width difference between the temperature extremes was 1.9 cm-1 (895 cm-1 band 

mostly attributed to NH2 wagging) which is a 24.72% change from the nominal room temperature 

band width and also significantly higher than the 3σ error threshold of 0.62 cm-1 for this particular 

band. Similar to the Raman shift, the changes observed in the width of the Raman bands at -

196 ᴼC across all Glycine bands were greater than the corresponding 3σ error thresholds. This 

indicates that the observed narrowing of the Raman bands is too significant to be attributed to 

variability in the measurements or instrumental error. 

Both the Raman shift and width data suggest that there is a relationship between the 

temperature and the level of variance between the individual spectra obtained at each 

temperature reference point, as the individual measurements seem to show less variance at 

lower temperatures. This is also clearly visible in the band shift and width profiles at 1331 cm-1 

and 895 cm-1, as displayed in Figure 7-2. 

To visualize and characterize this occurrence, the average variance of individual spectra across all 

Glycine Raman bands was plotted against the temperature at which the spectra was obtained, as 

shown in Figure 7-3. The figure shows a clear linear decrease in the shift variance with decreasing 

temperature. The Raman band width data also indicates a decrease in the width variance at lower 
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temperatures, however, this relationship is not as clear and does not show a strong linear 

relationship. This is possibly due to experimental discrepancies or the width measurements being 

more susceptible to discrepancies due to handling, environmental or material differences within 

the sample. 

 

Figure 7-3 Variance of Raman band shift (a) and width (b) across individual Glycine spectra as a 

function of temperature [310] 

While the average Raman shift variance between different measurements at room temperature 

can be as high as 0.157% compared to the average value, at -196 ᴼC the average Raman shift 

variance drops to 0.041%. Likewise, at 22 ᴼC the average Raman band width variance across all 

Glycine Raman bands is 7.54%. At -196 ᴼC the variance decreases to 5.669%. In this case, the 

average width variance at -20 ᴼC (i.e., 16.764%) breaks away from the decreasing pattern as it is 

far greater than the variance at room temperature. The data shows that this significant 

fluctuation is the result of an abnormally low measurement of the 1417 cm-1 band (NH2 and CH2 

torsion) width at -20 ᴼC and inconsistent measurements of the same band at room temperature 

most probably caused by experimental discrepancy during the measurement.  

The relationship between the Glycine spectra intensity and the temperature was found to be too 

inconsistent to derive a definitive profile, however, there is a visible increasing trend towards 

lower temperatures. All 15 fully detectable Glycine Raman bands show an increase in their 

intensity at -196 ᴼC compared to the room temperature measurement. The Raman signal intensity 

change between room temperature and -196 ᴼC across Glycine Raman bands is shown in Figure 

7-4. The lowest increase in intensity was 5.5% at 509 cm-1 (CCO scissoring), however, the intensity 

increase data in this case could be inaccurate due to the split of 509 cm-1 from 497 cm-1 below 

room temperature. The second lowest increase in intensity, 6.1%, was detected at 1446 cm-1 (CH2 

scissoring) and might be a more accurate representation of the intensity increase minimum within 

Glycine spectra at -196 ᴼC. The maximum intensity increase between room temperature 

and -196 ᴼC was 67.8% at 497 cm-1 (CH2 rocking), which could have also been affected by the split 

of 509 cm-1 from 497 cm-1. The second highest increase in intensity was 45% at 1144 cm-1 (mostly 
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assigned to NH2 wagging), which might be more representative of the potential maximum 

increase in intensity. The average increase in intensity across all Glycine Raman bands was 26.5% 

and while the intensity increase is band specific and does not accurately describe the overall 

trend, it might still have some level of statistical value as a general guideline for the Raman signal 

intensity increase that could be expected at -196 ᴼC. 

 

Figure 7-4 Intensity increase of Glycine Raman spectra at 196 ᴼC compared to room temperature 

measurements [310] 

7.1.2 Alanine 

The comparison of Raman spectra of Alanine, the second simplest amino acid after Glycine, 

obtained at 22 ᴼC, -100 ᴼC and -196 ᴼC is shown in Figure 7-5. As shown in the figure, a shift of 

Alanine Raman bands to higher frequencies was observed at lower temperatures, however, this 

shift was not as consistent as in the Glycine spectra discussed earlier. Additionally, some Alanine 

bands also shifted to lower frequencies. The Raman band assigned to NH2 and CH3 rocking 

nominally at 283 cm-1 at room temperature moved to 274 cm-1 at -100 ᴼC and then to a higher 

frequency of 285 cm-1 at -196 ᴼC again. Similarly, 654 cm-1 band (NCC=O bending) moved to 

653 cm-1 at -100 ᴼC and then 655 cm-1 at -196 ᴼC. The average shift change from room 

temperature to -196 ᴼC in this case was exactly 1 cm-1, which is within the 3σ error region (0.88 - 

1.33 cm-1), which indicates that there is only a negligible probability of these measurements being 

the result of variability in the data or an error rather than the result of thermal changes within the 

spectra. Likewise, the Alanine band at 775 cm-1 (C-COOH stretching) at room temperature moved 

to 774 cm-1 at -100 ᴼC where it remained also at -196 ᴼC. The average shift decrease from room 

temperature to -196 ᴼC in this case was 1.6 cm-1, which is beyond the 3σ error threshold of 

1.11 cm-1 for this band and thus also very unlikely to be an outlier or an error in the data. 

Similarly to the spectra of Glycine, the Alanine spectra also shows new Raman bands emerging at 

lower temperatures that were not visible or detectable at room temperature. While visible at 

room temperature and -100 ᴼC, the Raman band at 146 cm-1 (COOH torsion) is only fully 
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resolvable at -196 ᴼC. At -100 ᴼC, a small peak at 227 cm-1 appears in the spectra and seems to 

gain more intensity as it travels to 232 cm-1 at -196 ᴼC. While this peak is too weak to be 

resolvable, it is clearly visible in the spectra at lower temperatures. Similarly, the broad Raman 

band at 328 cm-1 (mixed vibration of CH3 rocking and CCN bending) seems to diminish at -100 ᴼC 

and two very weak bands at 322 cm-1 and 340 cm-1 take its place. While the 322 cm-1 band is too 

weak to be detectable, the 340 cm-1 band appears stronger and becomes very clearly 

distinguishable at -196 ᴼC as it shifts to 346 cm-1 and gains more intensity. 

 

Figure 7-5 Raman spectra of Alanine at 22 ᴼC, -100 ᴼC and -196 ᴼC, where ν = stretching, β = 

bending, τ = torsion, sc = scissoring. Assignments are based on an optimized DFT 

vibrational frequency calculation using SVP and polarizability calculations for Raman 

vibrational frequencies and Raman activity together with a review of previously 

published assignments [314]–[320]. Arrows highlight bands detailed in Figure 7-6 

[310] 

Interestingly, the Alanine 283 cm-1 band (NH2 and CH3 rocking), which appears as a single wide 

band at room temperature, splits into 3 separate peaks at -100 ᴼC, which then become even more 

defined at -196 ᴼC as the intensity of the middle peak rises. Only the middle peak is fully 

resolvable. 

While the most dominant Raman band of Alanine, 854 cm-1 (C-CH3 stretching), and most other 

Alanine bands follow the same general Raman shift and width pattern as Glycine bands (as shown 

in Figure 7-6), this is not necessarily the case for all Alanine Raman bands. As already mentioned, 

not all the Alanine bands shifted to higher frequencies and while most bands show a decreasing 
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rate of change in the Raman shift and width at decreasing temperature, the profile is not as 

consistent as with the spectra for Glycine. For comparison, Figure 7-6 shows the Raman shift and 

width profile of the 283 cm-1 band which shifts to a lower frequency at -100 ᴼC and higher again at 

-196 ᴼC. 

 

Figure 7-6 Alanine profile of Raman band shift and width change as a function of temperature for 

the C-CH3 stretching band at 854 cm-1 (a and c) and NH2 and CH3 rocking band at 

283 cm-1 (b and d). A general trend of the change, similar to Glycine Raman shift and 

width change profile, is highlighted in a and c. These bands are highlighted with 

arrows in the spectra in Figure 7-5. 3σ error bars calculated for these peaks at each 

temperature over 3 measurements at 3 different power settings are included to 

indicate the relative significance of the changes [310] 

Across all Alanine Raman bands the minimum change between the room temperature 

and -196 ᴼC Raman shift was 0.92 cm-1 at 532 cm-1 (COH torsion). The maximum change was 

18.78 cm-1 and it occurred at 328 cm-1 (mixed vibration of CH3 rocking and CCN bending). Both of 

these sifts lie beyond the 3σ error threshold for these peaks, 0.46 cm-1 and 3.74 cm-1 respectively. 

Overall, the recorded changes in the Raman shift from room temperature to -196 ᴼC were beyond 

the 3σ region for all Alanine Raman bands except for the 654 cm-1 band (NCC=O bending), where 

the recorded shift lies within the 3σ region, and the 1416 cm-1 band (CH3 bending), where the 

recorded shift falls within the 2σ region. While this signals greater variability in the data than in 

the spectra of Glycine, it also indicates at least 99.7% confidence (95.4% for the 1416 band cm-1) 

that none of the recorded shift changes are the result of an error or variability in the data. 
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Similar to the bands of Glycine, all Alanine bands that on average shifted to higher frequencies at 

low temperatures by more than 1.6 cm-1 (and up to the overall measured maximum of 18.78 cm-1) 

are associated with vibrations of the outside parts of the molecule, that is, its methyl side chain 

(CH3) and its amine functional group (NH3), or vibrations along the length of the main molecule 

chain, that is, CCO, CCC or CCN bending. The only shift that decreased in frequency at low 

temperatures is assigned to a stretching vibrational mode and none of the alanine bands solely 

assigned to a stretching vibration increased in frequency by more than 1.42 cm-1 at low 

temperatures.  

Despite some inconsistencies in the data, a general trend of Raman band narrowing at decreasing 

temperature was observed. The minimum Raman band width across all Alanine bands was 

measured at the 1489 cm-1 band at all temperatures; 5.81 cm-1 at 22 ᴼC, 4.36 cm-1 at -100 ᴼC and 

4.18 cm-1 at -196 ᴼC. The maximum Raman band width at room temperature was 15.82 cm-1 at 

1153 cm-1. At -100 ᴼC it was 18.79 cm-1 measured at the 274 cm-1 Raman band and 11.64 cm-1 

at -196 ᴼC at the Raman band of 1417 cm-1.  

The minimum measured difference between the Raman band width between room temperature 

and -196 ᴼC was exactly 1 cm-1 at 1468 cm-1 (CH3 bending) which corresponds to a 14.3% change 

from the nominal room temperature value. While this is a minimal change within the spectra, it 

lies beyond the 3σ error threshold of 0.21 cm-1 for this peak. The maximum Raman band width 

change was 12.18 cm-1 at 283 cm-1 (62.4%) attributed to NH2 and CH3 rocking, however, in terms 

of the highest change in percentage to the nominal value, it was 64.7% at 481 cm-1 (CCO bending), 

which was 10.67 in cm-1. Overall, most changes recorded in the width of Alanine Raman bands 

were beyond their corresponding 3σ error thresholds, only the width change recorded at the 

328 cm-1 and 481 cm-1 bands was within the 3σ error range, and 922 cm-1 and 1365 cm-1 bands 

within the 2σ error range. While this signals a higher variance in the width change data than the 

shift change data, it still indicates high confidence in the width change being the result of the 

thermal changes rather than any discrepancy in the data. 

Just like in the case of Glycine, the average variance of the individual Raman shift measurements 

across all fully detectable bands decreases at lower temperatures showing a clear linear 

relationship, as displayed in Figure 7-7. The average variance across all peaks at room 

temperature is 0.072% from the nominal value while at -196 ᴼC the variance drops to 0.050%. 

Similar to Glycine, the Raman band width variance across individual measurements is less 

consistent than the variance of Raman shift as shown in Figure 7-7. While it displays a decreasing 

trend towards lower temperatures, the decrease is almost level and there is no clear linear 

relationship indicated in the data. At room temperature, the band width variance is 10.3% which 
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then decreases to 8.15% at -100 ᴼC and rises again to 10.15% at -196 ᴼC. The Raman band width 

data can be more severely impacted by spectral changes, such as the emergence of new peaks 

and severe intensity changes between measurements at various temperatures, as shown in the 

spectra of Alanine in Figure 7-5. As such, this discrepancy could be assigned to the varied changes 

in the Alanine spectra between 22 ᴼC and -196 ᴼC.  

 

Figure 7-7 Variance of Raman band shift (a) and width (b) across individual Alanine spectra as a 

function of temperature [310] 

Similarly, the intensity of the majority of Alanine bands decreased at lower temperatures. This is 

different to that observed for the Glycine Raman bands, where the intensity increased at lower 

temperatures. Figure 7-8 shows the intensity change of all fully detectable Alanine bands from 

room temperature to -196 ᴼC. All 19 fully detectable Alanine bands showed a signal intensity 

decrease. The average decrease in intensity across all bands was 18.2% with the maximum 

decrease being 35.4% at 283 cm-1 (NH2 and CH3 rocking) and the minimum 1.5% at 1025 cm-1 

(mainly attributed to CH3 torsion).  

It is also important to note that the intensity of Alanine peaks changes a lot more dramatically 

with temperature as shown in the spectra in Figure 7-5. Some bands, such as 398 cm-1 (CCN 

bending), 532 cm-1 (COH torsion) and 1489 cm-1 (CH3 bending), decrease in intensity significantly 

at -100 ᴼC (beyond their 3σ error threshold) and then visibly rise again compared the rest of the 

spectra at -196 ᴼC. The rise in intensity at -196 ᴼC lies beyond the 3σ error threshold for 1489 cm-1 

and within the 3σ region for 398 cm-1 and 532 cm-1, which indicates that these changes are 

induced by the varying temperature rather than being the result of variability in the data. 

Similarly, while the overall intensity of the 481 cm-1 band (CCO bending) decreases, the band is 

barely detectable at room temperature and becomes increasingly more distinguishable towards 

lower temperatures even despite the overall intensity decrease. 
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Figure 7-8 Intensity decrease of Alanine Raman spectra at 196 ᴼC compared to room temperature 

measurements [310] 

7.1.3 Histidine 

The comparison of Raman spectra of Histidine, an aromatic fluorescence-free amino acid at 785 

nm, obtained at room temperature, -100 ᴼC and -196 ᴼC is shown in Figure 7-9. Histidine has a 

more complex molecular structure than Glycine and Alanine, leading to a more varied Raman 

spectrum. However, the changes at lower temperatures display similar trends and no other 

additional effects were observed. A shift to higher frequencies was observed for most Histidine 

bands with a couple of exceptions; 404 cm-1 (CH2 rocking and out of plane bending of CH2-CH-

NH2), 966 cm-1 (breathing of the ring) and 1145 cm-1 (asymmetrical stretching of CH2-CH-NH2), that 

shifted to lower frequencies. Some bands, including 627 cm-1 (out of plane deformation of the 

ring) and 657 cm-1 (CH2-ring stretching), only exhibited very minor Raman shift changes not 

resulting in any substantial Raman band shifts in the spectra. While the minimal change in the 

shift of the 657 cm-1 band was most likely a result of variance in the spectra (1σ error region), the 

change recorded in the shift of the 627 cm-1 band was within the 3σ error region and thus a result 

of the thermal change. However, in both cases the data indicates that both of these bands are 

very thermally stable. Similar to some Alanine bands, the Histidine CH2 torsion band nominally at 

1255 cm-1 shifted to 1257 cm-1 at -100 ᴼC and then to 1256 cm-1 at -196 ᴼC. However, in this case 

this could have also been a result of excessive variance in the spectra. Additionally, the 

emergence of new bands that were not visible in the spectra at room temperature was recorded. 

Previously undetectable peaks at 340 cm-1 (CH2 rocking) and 431 cm-1 (CC=O bending) appear in 

the spectra at -100 ᴼC and become more distinguishable at -196 ᴼC as they shift to 431 cm-1 and 

435 cm-1 respectively. Moreover, the band clearly visible at 213 cm-1 at room temperature 

becomes unresolvable at -100 ᴼC and -196 ᴼC as it fades and blends with the 240 cm-1 band, both 

assigned to CH2-ring and C-NH2 bending. 
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Figure 7-9 Raman spectra of Histidine at 22 ᴼC, -100 ᴼC and -196 ᴼC, where R = ring (i.e. imidazole 

ring), ν = stretching, ω = wagging, ρ = rocking, β = bending, τ = torsion, b = breathing 

(i.e. in phase stretching of the ring), def = deformation (i.e. out of phase stretching of 

the ring), sc = scissoring, as = asymmetric, s = symmetric, o.p = out of plane, i.p. = in 

plane, brackets denote the location of the vibration. Assignments are based on an 

optimized DFT vibrational frequency calculation using SVP and polarizability 

calculations for Raman vibrational frequencies and Raman activity together with a 

review of previously published assignments [321]–[325]. A diagonal arrow highlights 

the band detailed in Figure 7-10 [310] 

Most Histidine bands display similar change profiles in Raman shift and width with decreasing 

temperature, as already described in Figure 7-2 and Figure 7-6 (a and c) for Glycine and Alanine. 

The profile of the Raman shift and width change as a function of temperature for the most 

dominant Histidine Raman band at 1323 cm-1 (mixed vibration of CH2 wagging and ring breathing) 

is shown in Figure 7-10. While most Histidine bands displayed a similar profile, there were some 

exceptions as some bands shifted to lower frequencies or diminished at lower temperatures all 

together as described above.  
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Figure 7-10 Histidine profile of Raman band shift and width change as a function of temperature 

for the 1323 cm-1 band (a and b respectively) assigned to mixed vibrations of CH2 

wagging and ring breathing. A general trend of the change is highlighted. This band is 

highlighted with an arrow in the spectra in Figure 7-9. 2σ error bars calculated for 

this Raman band at each temperature over 3 measurements at 3 different power 

settings are included to indicate the relative significance of the changes [310] 

The minimum change in the Raman shift between room temperature and -196 ᴼC across all 

Histidine bands was 0.35 cm-1 at 1276 cm-1 (mixed vibration of CH2 wagging, CH bending and ring 

breathing). This shift lies in the 3σ error region, which indicates that the change is highly unlikely 

to be attributed to variance in the spectra and represents a genuine thermally induced change. 

Nevertheless, this minimal change also signals that the 1276 cm-1 band is very thermally stable. 

The maximum Raman shift change was 8.79 cm-1 at 135 cm-1 (ring-CH2-CH bending). While some 

Histidine Raman bands were undetectable at room temperature and error bars could not be 

generated, the shift change of all fully detectable bands except for 5 was greater than their 3σ 

error thresholds, 4 were within the 3σ error region and, as discussed earlier, the 657 cm-1 band 

was within 1σ error region but only very minor change was recorded. 

Unlike Glycine and Alanine, the Histidine molecule has an imidazole ring in its structure, however, 

the observed trends in the thermally induced shifts of its vibrational modes were similar. All the 

Histidine bands that on average shifted to higher frequencies at low temperatures by more than 

3.5 cm-1 (and up to the overall measured maximum of 8.79 cm-1) were assigned at least partially 

to vibrational modes involving the molecule’s outer atoms, that is, the amine group (NH2) or the 

carboxylic acid group (COOH), or bending along the length of the molecular chain, that is, bending 

of the ring and CH2 or bending of the ring or the carboxylic acid group against CH2-CH. Bands 

associated with in plane bending within the imidazole ring also displayed shifts to higher 

frequencies greater than 3.5 cm-1. Histidine bands that displayed a shift to lower frequencies at 

low temperatures or that shifted to higher frequencies only by less than 0.55 cm-1 were 

predominantly assigned to stretching vibrational modes, that is, stretching between individual 
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atoms as well as ring breathing or ring in plane deformation, or vibrational modes including inner 

atoms of Histidine (CH2 or CH). None of the bands assigned to out of plane ring deformation 

generated shifts to higher frequencies at low temperatures greater than 0.82 cm-1. None of the 

bands solely or predominantly assigned to stretching vibrations shifted to a higher frequency by 

more than 1.4 cm-1. 

As already observed with Glycine and Alanine, Raman band width narrowing was observed in the 

spectra of Histidine at low temperatures. The decrease in Raman band width from room 

temperature to -196 ᴼC was as high as 15.45 cm-1 at 922 cm-1 (N=CH-NH scissoring in the ring) 

which roughly corresponds to 67.92% of the room temperature width. The minimum change in 

the Raman band width was 1.03 cm-1 (15.26%) as observed at 1436 cm-1 (CH-NH stretching in the 

ring) or 4.36% (1.21 cm-1) at 627 cm-1 (out of plane deformation of the ring), both within the 3σ 

error region. Overall, most fully detectable Raman bands displayed changes in the band width 

greater than their 3σ error thresholds, however, 5 bands were within the 3σ error region and 1 in 

the 2σ error region. This signals a high probability that all the recorded changes can be attributed 

to the temperature decrease rather than the variance in the data. Compared to Alanine and 

Glycine, Histidine bands in general are narrower and potentially more restrictive in terms of 

spectral resolution for successful detection. At room temperature the narrowest band is 1.81 cm-1 

wide at 1065 cm-1, at -100 ᴼC it is 2.65 cm-1 at 404 cm-1 and at -196 ᴼC it is 2.66 cm-1 at 1116 cm-1. 

The variance between individual Histidine Raman spectra at each measured temperature is 

summarized in Figure 7-11. Across all Histidine bands, the variance of the Raman shift decreases 

linearly with decreasing temperature, which corresponds to the Glycine and Alanine variance 

trend described previously. From a variance of 0.041% at room temperature, the Raman shift 

variance drops to 0.033% at -100 ᴼC and 0.022% at -196 ᴼC. 

While there is a clear decreasing trend in the Raman band width variance across all fully 

detectable Histidine bands towards lower temperatures, the relationship is not as clearly linear as 

 

Figure 7-11 Variance of Raman band shift (a) and width (b) across individual Histidine spectra as a 

function of temperature [310] 
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the Raman shift variance profile. As shown in Figure 7-11, the band width variance at room 

temperature is 8.43%, rising slightly to 8.996% at -100 ᴼC and then dropping to 7.208% at -196 ᴼC. 

Overall, most Histidine bands displayed higher intensity at -196 ᴼC than at room temperature. As 

shown in Figure 7-12, out of 24 fully detectable bands, 15 increased and 9 decreased in intensity 

at -196 ᴼC compared to 22 ᴼC. The average intensity change across Histidine bands was a 2.05% 

increase, however, the maximum change was a 37% decrease at 135 cm-1 (ring-CH2-CH bending) 

and the minimum change was a 25.22% increase at 404 cm-1 (CH2 rocking and out of plane 

bending of CH2-CH-NH2). Additionally, as discussed above, the 213 cm-1 Histidine band diminishes 

at lower temperatures all together and 340 cm-1 and 431 cm-1 bands emerge in the spectra 

at 100 ᴼC and become more distinguishable as they further intensify at -196 ᴼC. 

 

Figure 7-12 Intensity increase of Histidine Raman spectra at -196 ᴼC compared to room 

temperature measurements [310] 

7.1.4 Tryptophan 

The Raman spectra of Tryptophan, a mildly fluorescent aromatic amino acid at 785 nm, obtained 

at room temperature, -100 ᴼC and -196 ᴼC are compared in Figure 7-13. While most bands shift to 

higher frequencies at lower temperatures as previously observed in the spectra of Glycine, 

Alanine and Histidine, the 164 cm-1 (out of plane deformation of the indole rings) and 1256 cm-1 

(CH2 wagging and indole breathing) bands shift to lower frequencies and the 1464 cm-1 (in plane 

indole deformation) and 1565 cm-1 (CH=C stretching in the pyrrole ring) bands shift to a higher 

frequency at -100 ᴼC and then lower again at -196 ᴼC. Additionally, some bands only shift by a 

very small amount. Namely, the 1012 cm-1 band (CH=CH stretching in the benzene ring) shifts to a 

lower frequency and the 842 cm-1 (benzene ring CH torsion) and 1494 cm-1 (in plane indole 

deformation) bands shift to higher frequencies, but the changes do not exceed 0.7 cm-1. Although 

minimal, these changes correspond to values higher than the 3σ error region, the 3σ error region 

and the 2σ error region respectively, and as such cannot be disregarded as variance in the data. 
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This also indicates that these bands are relatively thermally stable. In general, changes in the 

Raman shift across Tryptophan bands at lower temperatures are relatively minor compared to 

changes observed in the spectra of Glycine, Alanine and Histidine. The maximum measured shift 

from room temperature to -196 ᴼC was 7.95 cm-1 at 123 cm-1 (in plane bending of the entire 

molecule) and the minimum measured shift of 0.45 cm-1 was at 757 cm-1 (benzene and pyrrole 

ring breathing). This change in the shift lies beyond the 3σ error threshold for this band and as 

such it indicates that the change is a result of the temperature decrease rather than variability in 

the data and that the band is thermally exceptionally stable. Among all Tryptophan Raman bands, 

the recorded changes in the shift are greater than the 3σ error threshold in most cases with 3 

bands in the 3σ error region and 2 in the 2σ sigma error region. This provides high confidence that 

all recorded changes in the shift can be attributed to thermal effects rather than variability in the 

data. 

 

Figure 7-13 Raman spectra of Tryptophan at 22 ᴼC, -100 ᴼC and -196 ᴼC, where RB = benzene ring, 

RP = pyrrole ring, I = indole group (i.e. benzene and pyrrole ring), ν = stretching, ω = 

wagging, ρ = rocking, β = bending, τ = torsion, b = breathing (i.e. in phase stretching 

of a ring), def = deformation (i.e. out of phase stretching of a ring), sc = scissoring, o.p 

= out of plane, i.p. = in plane, brackets denote the location of the vibration. 

Assignments are based on an optimized DFT vibrational frequency calculation using 

SVP and polarizability calculations for Raman vibrational frequencies and Raman 
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activity together with a review of previously published assignments [318], [326]. 

Diagonal arrows highlight the bands detailed in Figure 7-15 [310] 

No new Raman bands were detected emerging in the Tryptophan spectra at lower temperatures.    

The molecule of Tryptophane includes an indole group composed of a benzene and pyrrole ring 

and the thermally induced shifts of its vibrational modes displayed similar trends observed in the 

spectra of Histidine. Similar to all the other examined amino acids, all Tryptophane Raman bands 

that shifted to higher frequencies the most at lower temperatures (by >1.77 cm-1 and up to the 

absolute overall measured maximum of 7.95 cm-1) were either assigned to the vibrations of the 

outer parts of the Tryptophan molecule, that is, its amine group, or vibrational modes including 

the entire molecule or most of its main chain, that is, bending of the indole group against the 

carboxylic acid group. Raman bands that either shifted to lower frequencies at lower 

temperatures or shifted to higher frequencies by less than 0.83 cm-1 were predominantly assigned 

to stretching vibrational modes, that is, stretching between individual atoms as well as in plane 

deformation of the ring or ring breathing, or vibrational modes associated with the inner atoms of 

the molecule, that is, CH2 or CH, or out of plane deformation of the rings. The only band that 

shifted to a lower frequency by more than 2 cm-1 was assigned to out of plane deformation of the 

indole group. Additionally, similarly to Histidine, none of the bands associated with out of plane 

deformation of the rings shifted to higher frequencies at low temperatures by a significant 

amount compared to other Histidine bands (<1.18 cm-1). This is also true for any bands associated 

with stretching vibrational modes which did not shift to higher frequencies by more than 

1.44 cm-1. 

While no fluorescence was detected in the spectra of Glycine, Alanine and Histidine at 785 nm, a 

clear fluorescence background is visible in the Tryptophan spectra at all measured temperatures. 

As shown in Figure 7-13, the fluorescent background becomes more pronounced at lower 

temperatures and intensifies as the temperature decreases. As displayed in Figure 7-14, this is 

also reflected in the average Signal to Noise (S/N) ratio calculated for one of the most dominant 

Raman bands at 1012 cm-1 compared to the fluorescence background at 450 cm-1. The S/N ratio 

drops linearly with decreasing temperature at the rate of 0.2786 K-1. 

The profile of the Raman shift and width change as a function of temperature for one of the most 

dominant Tryptophan bands at 757 cm-1 (benzene and pyrrole ring breathing) is shown in Figure 

7-15. In general, all other Tryptophan bands that shift to higher frequencies at lower 

temperatures follow a similar pattern. A similar pattern was also observed for other analysed 

amino acids as discussed previously with a notable difference of the Tryptophan band width 

profile being more inconsistent and resulting in a more linear decrease. For comparison, image b 



Chapter 7 

116 

 

Figure 7-14 Average S/N ratio of Tryptophan fluorescence as a function of temperature [310] 

and d in Figure 7-15 show the Raman shift and width change profile of band 164 cm-1 (indole out 

of plane deformation) which shifts to lower frequencies with decreasing temperature. As shown 

in the figure, the 164 cm-1 profile of Raman shift and width change is approximately an inverse of 

the profile of the bands that shift to higher frequencies, as displayed in Figure 7-2, Figure 7-6 (a 

and c), Figure 7-10 and Figure 7-15 (a and c). 

 

Figure 7-15 Tryptophan profile of Raman band shift and width change as a function of 

temperature for the benzene and pyrrole ring breathing band at 757 cm-1 (a and c) 

and the indole out of plane deformation band at 164 cm-1 (b and d). A general trend 

of the change is highlighted. These bands are highlighted with arrows in the spectra 

in Figure 7-13. 2σ error bars calculated for these Raman bands at each temperature 

over 3 measurements at 3 different power settings are included to indicate the 

relative significance of the changes [310] 
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Just like the spectra of other examined amino acids, Tryptophane bands show significant 

narrowing at lower temperatures, however, the data is not as consistent which might be partly a 

result of the fluorescence background. The overall maximum change in the band width from 22 ᴼC 

to -196 ᴼC was 10.95 cm-1 at 877 cm-1 (NH2 wagging and CH2 rocking) which is 67.76% of the 

nominal room temperature width. The minimum change in width across all Tryptophan bands was 

0.87 cm-1 at 757 cm-1 (benzene and pyrrole ring breathing), which is 12.73% of the original width 

and lies beyond the 3σ error threshold of 0.63 cm-1. This indicates that even this minor change can 

be attributed to the temperature decrease rather than variability in the data. Similar to the 

changes recorded in the Tryptophan band shift, the changes in the band width were also greater 

than the 3σ error threshold in most cases with 2 bands in the 3σ error region and 3 bands in the 

2σ error region. While this indicates that the band width data may be more prone to variability in 

the data than the shift measurements, it still provides sufficient confidence that all observed 

changes are the result of the decrease in temperature. At room temperature the minimum band 

width across all Tryptophan bands was 4.20 cm-1 at 1494 cm-1, at -100 ᴼC it was 3.64 cm-1 at 

842 cm-1 and at -196 ᴼC it was 3.16 cm-1 at 1494 cm-1. 

The variance between individual Tryptophan Raman measurements as a function of temperature 

is shown in Figure 7-16. Both the Raman band shift and width variance show a decreasing trend at 

lower temperatures. However, the relationship is not linear as observed for other analysed amino 

acids. At room temperature, the Raman shift variance is 0.078%, which then drops to 0.031% 

at -100 ᴼC and rises again to 0.066% at -196 ᴼC. The same pattern is observed for the variance in 

the band width as the width variance drops from 17.78% at room temperature, to 9.90% 

at -100 ᴼC, just to rise again to 16.03% at -196 ᴼC. In this case it should be noted that the presence 

of fluorescence might have impacted the variance data. 

 

Figure 7-16 Variance of Raman band shift (a) and width (b) across individual Tryptophan spectra 

as a function of temperature [310] 

The change in intensity across all fully detectable Tryptophan bands from 22 ᴼC to -196 ᴼC is 

shown in Figure 7-17. Of the 16 fully detectable bands, half decrease in intensity at lower 
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temperatures and the other half increase. The highest intensity increase was 25.1% at 842 cm-1 

(benzene ring CH torsion) and the highest decrease was 30.5% at 708 cm-1 (indole out of plane 

deformation). However, as shown in Figure 7-17, the intensity of most bands did not change from 

room temperature to -196 ᴼC by more than 10% and the average intensity change was a 3% 

decrease. While the increase in the fluorescence background affects the detectability of individual 

Tryptophan bands, no bands completely diminished at lower temperatures. 

 

Figure 7-17 Intensity increase of Tryptophan Raman spectra at -196 ᴼC compared to room 

temperature measurements [310] 

7.1.5 Fluorescence at 532 nm 

As already mentioned previously, fluorescence noise in the spectra of amino acids at 532 nm 

hindered any meaningful assessment of the Raman shift and width dependence on temperature, 

however, it also provided further insight into the fluorescence tendencies.  

Figure 7-18 shows the comparison of room temperature spectra of fluorescent amino acids at 

532 nm excitation and measurements at -100 °C and -196 °C. A significant rise in the fluorescence 

noise is visible in the spectra of all 4 fluorescent amino acids at low temperatures and the 

corresponding SNR change is shown in Figure 7-19.  

As opposed to the mildly fluorescent background noise in the spectra of Tryptophan at 785 nm, 

the Raman signature of Tryptophan is barely visible at 532 nm excitation due to the severe 

fluorescence noise. As shown in Figure 7-18, only a few major bands of Tryptophan are resolvable 

at room temperature and the fluorescence rise at lower temperatures almost entirely 

overshadows all signs of the Raman signature. Only very faint signs of the two major bands of 

Tryptophan nominally at 754 cm-1 and 1008-1 remain at -100 °C and -196 °C. Naturally, this is 

reflected in a significant drop in the SNR as shown in Figure 7-19. While Tryptophan could still be 

identifiable at 532 nm despite the strong fluorescence background at room temperature, 

identification would not be possible at extreme low temperatures. A similar trend was also 

observed in the spectra of Glutamic Acid, the spectra of which also only shows a few major bands  
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Figure 7-18 Raman spectra of amino acids fluorescent at 532 nm excitation collected at room 

temperature, -100 °C and -196 °C showing a visible increase in the fluorescence noise 
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even at room temperature at 532 nm. Interestingly, the significant rise in the fluorescence noise 

in the spectra of Glutamic Acid at lower temperatures was also accompanied by a notable shift to 

lower frequencies.  

On the other hand, Histidine and Tyrosine are still fully detectable at 532 nm even despite the 

strong fluorescence background. However, as shown in Figure 7-18, the visible rise in the 

fluorescence noise at lower temperatures gradually decreases the SNR of the Raman peaks in the 

spectra and some bands disappear entirely in the fluorescence background. 

The fluorescence increase at low temperatures in quantified in Figure 7-19, which shows the SNR 

change from room temperature to -100 °C and -196 °C for amino acids that are fluorescent at 532 

nm and Alanine, which is not fluorescent at this excitation. As opposed to Alanine, there is a clear 

downwards trend in the SNR of fluorescent amino acids towards lower temperatures. The average 

 

Figure 7-19 Comparison of the SNR change across varying temperatures for amino acids that are 

fluorescent at 532 nm and Alanine, which is not fluorescent at this excitation 
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SNR decrease among all examined amino acids that are fluorescent at 532 nm between room 

temperature and -196 °C was 34.25% with the lowest being 12.33% in the spectra of Glycine and 

the highest 52.71% in the spectra of Histidine.  

While an overall SNR decrease at low temperatures is evident from the results in Figure 7-19, it is 

also important to note that the decrease does not appear to be linear. For all fluorescent amino 

acids except for Tyrosine and Glutamic Acid, the SNR at -100 °C was lower than at -196 °C and the 

SNR of the Glutamic Acid spectra at -100 °C is only marginally higher than the -196 °C value. This 

may be the result of an experimental error associated with the variation in the data or the 

selection of the noise reference point for the SNR calculation. However, the presence of this trend 

in the spectra of four different amino acids collected on different days indicates that this is most 

probably not an error or variance in the data but an actual phenomenon in the fluorescence 

behaviour at varying temperatures. A possible explanation of this trend would be a Raman signal 

increase at low temperatures that contradicts the fluorescence rise. As discussed previously, the 

change in Raman signal intensity at low temperatures is specific to each molecule and each 

Raman band, which also explains why this trend was not observed in the spectra of Tyrosine and 

Glutamic Acid. Additionally, Figure 7-19, also shows that the SNR of Alanine, which is not 

fluorescent at 532 nm, increases at cryogenic temperatures. It is thus possible that this signal 

increase counter balances the fluorescence noise increase in the spectra of some molecules. 

7.1.6 Overview & Discussion 

The results of this study show common trends in the spectral changes of the analysed amino acids 

induced by exposure to extreme low temperatures. These include the shifting of Raman bands to 

higher frequencies, Raman band narrowing and decreasing variance between individual 

measurements. Other changes observed, such as the emergence or diminishing of Raman bands, 

shifting of Raman bands towards lower frequencies, increased levels of fluorescence or changes in 

the signal intensity, were found to be specific to a particular molecule. 

The most dominant Raman shift change among all amino acids was a shift to higher frequencies at 

lower temperatures. This shift is caused by the strengthening of the molecular bonds at these 

lower temperatures making the bond more rigid and thus causing it to vibrate at a higher 

frequency. The profile of this change was similar across most Raman bands in all amino acid 

spectra and it can be characterized approximately by a 3rd order polynomial curve. While no 

measurements were taken at temperatures below 77.15 K, it is reasonable to assume that the 

curve would converge to a flat line towards 0 K due to the restricted molecule vibrations at these 
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temperatures. This is visualized in Figure 7-20 (a), which displays the Raman shift and width at 

temperatures down to 0 K predicted based on the collected experimental data for Glycine. 

 

Figure 7-20 (a) The profile of the Raman shift change of Glycine band 895 cm-1 as a function of 

temperature and (b) the profile of the Raman band width change of Glycine 

1331 cm-1 band as a function of temperature. A theoretical prediction corresponding 

to the general trend characterized by a 3rd order polynomial relationship for 

temperatures approaching 0 K is highlighted [310] 

With the exception of Glycine, the spectra of all measured amino acids also contained bands that 

shifted to lower frequencies, indicating a relaxation of the molecular bond at lower temperatures. 

Additionally, some bands in the spectra of Alanine, Histidine and Tryptophan also initially shifted 

to lower frequencies at -100 ᴼC and then higher frequencies at -196 ᴼC. This indicates a structural 

change occurring within the molecule and its bonds between these temperatures. It also suggests 

that Raman spectroscopy at extreme low temperatures can be a very useful tool for material 

characterisation as it could help diagnose the changes within the molecules as a function of 

temperature. This could be useful not only for life detection on Europa but also the exploration of 

Europa in general as well as for a wide spectrum of applications on Earth as it could provide more 

information about the sampled material and associated environmental or geological processes. 

Among all analysed amino acids, Glycine displayed the most significant Raman shift changes from 

room temperature down to -196 ᴼC, closely followed by Alanine. Histidine and Tryptophan 

showed relatively minor changes in the Raman band shift between the two temperatures and the 

Tryptophan spectra were the least impacted by the extreme low temperature at -196 ᴼC in terms 

of Raman band shift changes.  

Across all the amino acids examined in this study, the largest Raman band shift change that was 

observed when comparing spectra at room temperature to those at -196 ᴼC, was 24.97 cm-1 and 

the smallest was 0.35 cm-1. While these changes are molecule specific and other amino acids 

could exhibit larger or smaller changes, the range of 0.35 cm-1 to 24.97 cm-1 could serve as a 
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general guideline of the foreseeable Raman band shift within the spectra of amino acids 

representing biosignatures for the search for life as collected on Europa at extreme low 

temperatures. Especially at the higher end of this range, this could be a major spectral change 

compared to the spectra obtained at Earth-like conditions and could severely impact the 

detectability and the analysis of the Raman spectra from samples collected on Europa or other Icy 

Worlds. 

Nevertheless, across the examined amino acids, most Raman bands except for a few notable 

exceptions showed relative stability over the measured temperature range. While this may be 

molecule specific and other molecules relevant to astrobiology need to be examined at extreme 

low temperatures to make any definitive conclusions, this would indicate that databases of 

Raman spectra collected at higher terrestrial temperatures can still be useful for the identification 

of molecular species in the spectra collected at extreme low temperatures analogous to Europa or 

Enceladus. 

A common trend was observed in the thermally induced shifts of the vibrational modes among all 

the examined amino acids. Raman bands that shifted to higher frequencies at lower temperatures 

the most were all assigned at least partially to the outer parts of the molecule such as its side 

chains or outer atoms or bending involving the main chain of the molecule or a significant part of 

the molecular main chain. For molecules with a ring in its structure, in plane bending within the 

ring also seems to generate a significant upwards frequency shift at low temperatures compared 

to the shift of bands associated with other types of vibrations. The actual shift is molecule 

dependant and dictated by the relative shift change at low temperatures across all Raman bands 

within the spectra and as such, it is impossible to determine a threshold for these vibrational 

modes. For Tryptophan, bands associated with these vibrations shifted to higher frequencies by 

more than 1.77 cm-1, for Histidine 3.5 cm-1, Alanine 1.6 cm-1 and Glycine 2.6 cm-1.  

Similarly, all bands among all examined amino acids that displayed relatively small upwards 

change in the Raman shift at low temperatures compared to other bands within the spectra or 

that shifted to lower frequencies were all assigned to stretching vibrational modes (including ring 

breathing and in plane deformation for molecules with a ring in their structure), vibrations 

involving inner atoms of the molecules or out of plane deformation of a ring. While a threshold is 

impossible to determine, these types of vibrations were associated with all bands that shifted to 

higher frequencies by less than 0.83 cm-1 in the spectra of Tryptophan, 0.55 cm-1 in Histidine, 

1.42 cm-1 in Alanine and 2.4 cm-1 in Glycine. Across all examined amino acids, bands associated 

with stretching vibrational modes dominate among the shifts to lower frequencies and relatively 

small shifts to higher frequencies compared to other bands in the spectra. Across all the examined 
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amino acids, no band solely or predominantly assigned to a stretching vibration increased in 

frequency at lower temperatures by more than 2.36 cm-1. For molecules with a ring in their 

structure, out of plane deformation of the ring also displayed relatively small or negative shifts to 

higher frequencies at low temperatures. None of the bands associated with out of plane 

deformation of the rings in the observed spectra of Tryptophan and Histidine shifted to higher 

frequencies by more than 1.18 cm-1. 

This leads to an assumption that bands associated with stretching vibrations, out of plane 

deformation of a ring or vibrations including inner atoms of a molecule are more likely to shift to 

lower frequencies at low temperatures or shift to higher frequencies by only a small amount 

compared to bands assigned to other vibrational modes. This may be the result of these 

vibrations being relatively well constrained within the structure of the molecule. On the contrary, 

bands that shift to a significantly higher frequency at lower temperatures are more likely to be 

associated with vibrations that are relatively less constrained within the molecule, that is, 

vibrational modes including the extremities of a molecule, such as its side chains, outer atoms and 

groups, or vibrations including most or all of the molecule main chain and in plane bending within 

a ring. 

Additionally, the shifting Raman bands might also affect the spectral resolution necessary for 

successful detection, which has direct implications on the design of Raman instruments for life 

detection on Europa. The clearance between individual adjacent bands within Raman spectra of 

each amino acid was recorded and the minimum peak-to-peak distance for each amino acid at 

each measured temperature is shown in Table 7-2. The spectra of Histidine is the most complex 

among the measured amino acids and its spectra shows the lowest peak-to-peak distance 

between individual bands necessary to resolve two adjacent Raman bands. At room temperature 

the minimum peak-to-peak distance is 12.43 cm-1, at -100 ᴼC it is 13.91 cm-1 and at -196 ᴼC it is 

14.75 cm-1, all within the spectra of Histidine. This suggests that the spectral resolution of a 

Raman instrument for the detection of biosignatures needs to be higher than these values to fully 

detect Histidine.  

Furthermore, the spectral resolution required to successfully identify amino acids in a mixture of 

compounds will be higher due to interference of the bands within the spectra. On Earth amino 

acids occur predominantly in a mixture of various amino acids and without an instrument with an 

exceptional spatial resolution or employing SERS, this interference may prove to be critical for 

successful identification and may dictate the required spectral resolution. There are hundreds of 

known amino acids, however, just among the 4 amino acids presented in detail in this study at  
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Temperature [°C] Glycine [cm-1] L-Alanine [cm-1] L-Histidine [cm-1] L-Tryptophan [cm-1] 

Minimum 
Peak-to-
Peak 
Distance  

22 15.99 21.09 12.43 18.75 

-100 17.06 21.53 13.91 17.41 

-196 16.76 22.35 14.75 16.60 

Minimum 
Band Width 

22 5.72 5.81 1.81 4.20 

-100 4.42 4.36 2.65 3.64 

-196 3.20 4.18 2.66 3.16 

Table 7-2 Minimum peak-to-peak distance between adjacent Raman bands and Raman band 

width in the spectra of Glycine, Alanine, Histidine and Tryptophan at room 

temperature, -100 °C and -196 °C [310] 

785 nm there are 8 Histidine bands that lie within 14.75 cm-1 of at least 1 Glycine band, 7 of a 

Tryptophan band and 15 of an Alanine band at -196 ᴼC. This includes dominant Raman bands that 

are important for identification and as such this spectral resolution would not be sufficient to 

resolve these amino acids in these mixtures. The number of potentially unresolvable bands of 

Glycine and Tryptophan in a mixture with Histidine with a 14.75 cm-1 resolution is around half of 

the overall number of their fully detectable Raman bands, for Histidine and Alanine this is 68% of 

Alanine bands and almost 50% of Histidine bands. The number of potentially unresolvable bands 

in mixtures of the examined amino acids at 785 nm depending on the spectral resolution is 

summarised in Table 7-3 for both room temperature and -196 ᴼC. 

At -196 ᴼC, there are 4 Histidine bands that lie within 5 cm-1 of a Glycine band and that could be 

potentially unresolvable with spectral resolution less than 5 cm-1. This is 24% of Raman bands 

within Glycine spectra and 12% within Histidine spectra. While most of these bands are not 

particularly important for the identification of Histidine, it includes the Histidine 1117 cm-1 band 

which is a relatively dominant band and can be used for the identification of Histidine. This band 

lies merely 2.74 cm-1 from an adjacent Glycine band and it is also the narrowest Raman band 

among all the examined amino acids at -196 ᴼC. With a width of only 2.66 cm-1, it could entirely 

disappear within the considerably wider 1120 cm-1 Glycine band (7.74 cm-1 width). It is also 

important to note that the detection of the extremely narrow 1117 cm-1 band (1116 cm-1 at room 

temperature) may be even more problematic at room temperature. While it is broader at -196 ᴼC 

(3.99 cm-1), it is also only 0.48 cm-1 from the 1117 cm-1 Alanine band which is also considerably 

wider and would most certainly prevent its detection. Furthermore, the most dominant Histidine 

band at 1324 cm-1 is within 8.1 cm-1 of one of the two most dominant Glycine bands (1332 cm-1). 

Both these bands are relatively wide and while the peak-to-valley ratio cannot be determined as it 

depends on the relative concentration and intensity, it is likely that a resolution of at least 3-

4 cm-1 will be necessary to fully resolve these two bands at -196 ᴼC. As both of these bands are 
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critical for the identification of Glycine and Histidine, the minimum spectral resolution for full 

identification is dictated by the proximity of these bands. Furthermore, a resolution of at least 

2.74 cm-1 may be required to fully resolve the narrow Histidine 1117 cm-1 band.  

Room Temperature 

Amino acid(s) in a 
mixture with 

Histidine 

Peak-to-peak distance [cm-1] Suggested 
minimum 
spectral 

resolution 
necessary 

[cm-1] 

Suggested 
ideal 

spectral 
resolution 

[cm-1] 

12.43 10 7 5 4 2 

Number of peaks 

Glycine 8 7 6 5 4 3 <4.23 <2.8 

Alanine 12 9 7 6 6 6 <2.64 <1.51 

Tryptophan 8 6 4 2 1 1 <7 <4.5 

Glycine 
Alanine 

Tryptophan 
19 17 13 11 10 10 <2 <1.51 

-196 ᴼC 

Amino acid(s) in a 
mixture with 

Histidine 

Peak-to-peak distance [cm-1] Suggested 
minimum 
spectral 

resolution 
necessary 

[cm-1] 

Suggested 
ideal 

spectral 
resolution 

[cm-1] 

14.75 10 7 5 4 3 

Number of peaks 

Glycine 8 7 6 4 4 4 <4 <2.74 

Alanine 15 13 10 8 7 6 <2.02 <1.92 

Tryptophan 7 6 5 3 1 1 <7 <5 

Glycine 
Alanine 

Tryptophan 
21 21 16 13 11 11 <2.02 <1.92 

Table 7-3 The number of adjacent bands within potential mixtures of Glycine, Alanine, Histidine 

and Tryptophan with a suggested minimum spectral resolution necessary for full 

identification of these amino acids at room temperature and at -196 ᴼC [310] 

The detection of a mixture of Alanine and Histidine may be even more restricted in terms of 

spectral resolution. At -196 ᴼC, one of the most dominant bands in the spectra of Alanine 

(1315 cm-1) lies within 9.39 cm-1 of the Histidine band 1324 cm-1. Both are dominant and wide 

bands that could merge and become unresolvable if a resolution greater than 9.39 cm-1 is not 

available, which would be critical for the identification of both Alanine and Histidine. Additionally, 

Alanine bands at 400 cm-1 and 533 cm-1, which are also dominant Alanine bands and important for 

its identification, are within 2.67 cm-1 and 7.23 cm-1 of an adjacent Histidine band, respectively. 

Most importantly, one of the two most important Alanine bands at 855 cm-1 lies within only 

2.02 cm-1 of a Histidine 857 cm-1 band. There are 6 Histidine bands within 3 cm-1 of an Alanine 
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band including at least 3 that are important for the identification of Histidine (657 cm-1, 857 cm-1 

and 926 cm-1). These 6 potentially unresolvable bands represent 18% and 27% of all detectable 

Raman bands of Histidine and Alanine respectively. Out of these Histidine 6 bands, 3 lie within 

2 cm-1 of one another and 1 band within 1 cm-1, however, this band is not a particularly important 

marker in either spectra. A spectral resolution of <2.02 cm-1 may be able to resolve all except for 3 

Histidine bands with only 2 bands being potentially important for identification. In this case the 

majority of the bands could be resolvable and used for confirmation. Nevertheless, a resolution 

better than 1.92 cm-1 may be necessary for full and unambiguous identification. 

On the contrary, the resolution of the mixture of Histidine and Tryptophan does not seem to 

require a very high spectral resolution in comparison to the mixtures of other amino acids. There 

are 6 potentially unresolvable Histidine bands within 10 cm-1 of a Tryptophan band at -196 ᴼC and 

none of these Histidine bands are essential for its identification. However, the 6 potentially 

unresolvable bands represent 18% of all Histidine bands detectable at -196 ᴼC and 35% of 

Tryptophan bands. As such it may be desirable to employ a higher spectral resolution than 

10 cm-1. The only Tryptophan band that may be important for its identification and that lies within 

close proximity to a Histidine band is the 1365 cm-1 band located 11.24 cm-1 from the 1354 cm-1 

Histidine band. While the Histidine 1354 cm-1 band is a relatively minor peak, both bands are also 

relatively wide and depending on the relative concentration of these two amino acids, a higher 

resolution may be necessary to resolve them. While the required resolution is impossible to 

determine exactly as it depends on the relative concentration and peak intensity, a resolution of 

5 cm-1 should be capable of resolving these two bands in most cases and could also resolve all 

except for 3 other non-essential bands of Histidine and Tryptophan. A spectral resolution of 7 cm-1 

may also be sufficient with only 5 non-essential bands potentially unresolvable (which constitutes 

29% of Tryptophan bands and 15% of Histidine bands). 

For a mixture of all 4 amino acids, even a relatively high spectral resolution of 3 cm-1 would not be 

enough to resolve 11 Histidine bands including a number of bands important for the identification 

of the 4 amino acids. A spectral resolution of <2 cm-1 would not be able to resolve only 6 Histidine 

bands (18%), however, this includes 2 bands potentially important for its identification. Similar to 

the resolution required for the identification of the mixture of Alanine and Histidine, a resolution 

better than 1.92 cm-1 could be sufficient to resolve all but 4 bands with only 1 being potentially 

important. 

In comparison, SHERLOC, a miniaturized Raman Instrument developed for in-situ exploration of 

Mars that was launched on the Mars 2020 mission on the Perseverance rover, has a spectral 

resolution of 49 cm-1 [118], [332]. As shown in the data in Table 7-2, it is important to note that 



Chapter 7 

128 

the spectral resolution required based on the clearance between individual bands does not 

necessarily increase with decreasing temperature as some bands can shift further away from 

adjacent bands. This is also reflected in Table 7-3 which shows that while some peaks in a mixture 

of amino acids may shift closer and the number of potentially unresolvable bands at a certain 

resolution may thus increase at -196 ᴼC compared to room temperature, a higher spectral 

resolution may not be required. On the contrary, a lower spectral resolution may be sufficient in 

some cases as some bands may not be essential for the identification of the amino acids and 

some dominant bands important for identification may shift further apart from possible 

interferants at extreme low temperatures.  

Another effect observed in the spectra that could severely impact the effectiveness of Raman 

spectroscopy for life detection on Europa is Raman band narrowing at extreme low temperatures. 

Except for some discrepancies in the spectra of Tryptophan, likely caused by the presence of 

fluorescence in the spectra, all Raman bands within all amino acid spectra obtained in this study 

showed a decreasing Raman band width with decreasing temperature. This is caused by the 

damping of the scattered light in the extreme cold environment. As shown in Figure 7-20 (b), 

similarly to the Raman shift change, this relationship could also be described by a 3rd order 

polynomial curve that would eventually converge to a flat line towards 0 K. 

Table 7-2 shows the narrowest band width that was measured for spectra of the amino acids 

presented in detail in this study at the temperatures 22 ᴼC, -100 ᴼC and -196 ᴼC. Between 22 ᴼC 

and -196 ᴼC the most significant change in the Raman band width was a decrease of 24.67 cm-1 

which is 80.1% of the nominal room temperature width and was recorded in the spectra of 

Glycine. The minimum band width change was 0.87 cm-1 (12.7%) or 4.4% in percentage (1.03 cm-1) 

detected in the spectra of Tryptophan and Histidine respectively. Similar to the Raman shift 

change, this is specific to a particular molecule and a molecular bond. However, the data suggests 

that at temperatures analogous to Europa, amino acid Raman bands could narrow by as much as 

80.1%. This represents a significant spectral change and could greatly affect the detectability of 

some molecules at extreme low temperatures analogous to Europa and the analysis of spectra 

obtained at these conditions. The narrower Raman bands might prove problematic for detection 

as a higher spectral resolution is needed. This is a particular concern for Raman spectroscopy for 

Europa and other extraterrestrial applications. Miniaturized Raman instruments tend to have a 

lower spectral resolution as a result of the mass and size trade off that is necessary in order to 

comply with the strict design constraints for extraterrestrial exploration.  

The spectral resolution for an instrument aiming to fully detect Glycine, Alanine, Histidine or 

Tryptophan will need to be better than the values recorded in Table 7-2 and Table 7-3. For a 
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Raman instrument operating on Europa at -196 ᴼC and aiming to detect Histidine, which is an 

important biosignature for the detection of extraterrestrial life, the minimum spectral resolution 

could be as high as 2.02 cm-1, which could be a challenge for miniaturized Raman instruments. 

There are currently two Raman instruments for planetary exploration that have been launched to 

date, SHERLOC and SuperCam (both launched on the Mars 2020 Mission)[48]. As already 

discussed above, SHERLOC’s deep UV excitation design is limited to the spectral resolution of 

49 cm-1 and SuperCam has a spectral resolution of 12 cm-1 [48], [118]. Based on data collected in 

this study and as summarized in Table 7-2 and Table 7-3, this will not be sufficient to fully resolve 

the spectra of Glycine, Alanine, Histidine and Tryptophan and might be particularly problematic 

for the detection of Histidine. While concepts and prototypes of miniaturized instruments for 

planetary exploration with a better spectral resolution exist, none have space heritage to date 

and most do not meet the spectral resolution outlined in this study, particularly for the detection 

of amino acids in mixtures [90], [125], [333]–[335]. 

At the same time, as evident in the spectra obtained and shown in Figure 7-1, Figure 7-5, Figure 

7-9 and Figure 7-13, the narrower bands might allow easier resolution of individual Raman bands 

at lower temperatures. Adversely, this could lead to a lower spectral resolution requirement for 

Raman instruments operating at extreme low temperatures. The narrower Raman bands at 

extreme low temperatures also offer higher precision measurements, which might be particularly 

useful in a mixture of compounds and for studies of material properties. Such an advantage might 

be beneficial for a much wider range of applications than extraterrestrial exploration and the 

detection of biosignatures on Europa. 

The higher precision of Raman measurements at extreme low temperatures is also supported by 

the Raman shift and width variance data. All amino acids analysed as a part of this research show 

a decrease in the average variance of the spectra between individual measurements at extreme 

low temperatures. This could be assigned to the molecular bonding and vibrations being more 

constrained at lower temperatures. The variance dependence on temperature appears linear for 

the Raman shift data and drops from the highest room temperature average variance of 0.157% 

(Glycine) to the highest average variance of 0.066% (Tryptophan) at -196 ᴼC. While the Raman 

band width variance decrease towards lower temperatures proved to be less consistent than the 

Raman shift variance, a decreasing trend was observed in the spectra of all amino acids. The 

highest band width variance at room temperature across all amino acids was 17.7% (Tryptophan) 

and the highest variance at -196 ᴼC was 16% (Tryptophan). The discrepancies in the band width 

variance data are attributed to the dependence of Raman band width readings on changes within 

molecular bonds and other material or environmental disturbances such as the presence of a 

fluorescent background. 
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The decreasing variance at extreme low temperatures leads to higher precision Raman 

measurements, which could be beneficial for a mission to Europa where the sampled material is 

of unknown composition and might contain a variety of compounds with interfering Raman 

spectra. As mentioned above, other applications could also benefit from the higher definition 

offered by low temperature Raman spectroscopy. 

The emergence of new Raman bands at low temperatures was recorded in the spectra of Glycine, 

Alanine and Histidine either due to enhanced definition as a result of narrower and higher 

intensity Raman bands or due to the shifting of Raman bands to higher or lower frequencies and 

splitting from an adjacent band. These additional data points only resolvable at extreme low 

temperatures could allow a more complete analysis of the studied material and provide more 

information about its composition and material properties. However, in some cases it could also 

increase the spectral resolution requirement. Particularly, two new bands previously undetectable 

at room temperature appear at -100 ᴼC in the region between 300 cm-1 to 440 cm-1 in the spectra 

of Histidine. This results in 5 Raman bands closely packed in this region at extreme low 

temperatures rather than 3 at room temperature possibly causing discrepancies in Raman shift 

readings as the bands blend together in the spectra if the spectral resolution is insufficient. As 

mentioned above, this higher spectral resolution requirement might be challenging for 

miniaturized Raman instruments for in-situ space exploration and it may result in limited data 

output.  

The diminishing of Raman bands at lower temperatures was also recorded in the spectra of 

Histidine and Alanine. This was mostly due to loss of intensity at lower temperatures as well as 

the Raman bands shifting towards adjacent bands and blending together. While the emerging 

peaks resulted in relatively minor changes in the spectra of the examined amino acids, in general 

the emergence and diminishing of Raman bands at extreme low temperatures could deem Raman 

spectra obtained on Earth and at room temperatures unrepresentative of the spectra potentially 

obtained on Europa or other Icy Worlds.  

Significant changes in the signal intensity occurred in the spectra of all examined amino acids. 

However, the changes are specific to individual Raman bands rather than a uniform change across 

the entire spectrum. Overall, all fully detectable Glycine bands increased in intensity at -196 ᴼC 

compared to that at 22 ᴼC and the overall trend in intensity change across Histidine bands also 

suggests an intensity increase at extreme low temperatures. On the contrary, the signal intensity 

of all the fully detectable Alanine Raman bands at 785 nm decreased at extreme low 

temperatures and there was an equal distribution of bands with increasing and decreasing 

intensity in the spectra of Tryptophan.   
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Across the examined amino acids the maximum signal increase observed between room 

temperature and -196 ᴼC was 37% and the maximum decrease was 67.8%. While this could be 

specific to the Raman bands and spectra of the amino acids examined in this study, it could 

provide a general indication that the intensity of individual Raman bands at -196 ᴼC on Europa 

could be as high as a 37% decrease or 67.8% increase. While the signal intensity data can be easily 

affected by experimental disturbances and may not be conclusive, the data collected also 

suggests that there is no clear common pattern in intensity changes induced by extreme low 

temperatures in the spectra of the examined amino acids. 

A potentially detrimental effect for the detection of biosignatures on Europa observed at extreme 

low temperatures is the increase in the fluorescence background. This effect was only observed in 

the spectra of Tryptophan at 785 nm excitation and Glycine, Tryptophan, Histidine, Glutamic Acid 

and Tyrosine at 532 nm. While this only applies to molecules which fluoresce at room 

temperature at a certain excitation, most biosignatures fluoresce at excitations commonly used in 

Raman spectroscopy such as 532 nm and 633 nm. While most traditional biosignatures such as 

amino acids and nucleobases can be detected using 785 nm excitation without any fluorescent 

background in the spectra, there are exceptions such as Tryptophan and Adenine that do 

fluoresce mildly at this excitation. Other important biomarkers for astrobiology could also 

fluoresce at 785 nm excitation and the increase in fluorescence could greatly affect their 

detectability. 

As shown in the S/N ratio analysis in Figure 7-14, the recorded rise in fluorescent background at 

decreasing temperature in the Tryptophan spectra at 785 nm appears linear with a 0.2786 K-1 rate 

of change. A similar linear decrease is also observed in the spectra of Tyrosine obtained at 532 nm 

shown in Figure 7-19. However, other amino acids fluorescent at 532 nm show a SNR decrease at 

this excitation that does not appear linear and suggests that a signal increase at extreme low 

temperatures may, to a certain extent, counter balance the fluorescence noise increase. While 

the SNR decrease from room temperature to -196 °C varied between approximately 12-52% 

among the examined amino acids, the average SNR decrease of 34.25% is a relatively good 

representation of the general trend. This rise in fluorescence can be assigned to the reduction of 

radiationless decay and extra energy heat loss due to collisions, as the lower temperatures 

impede the movement of molecules decreasing the transitional energy and thus reducing the 

number of collisions. 

The rise in the fluorescent background could be particularly problematic for a mixture of 

compounds including fluorescing molecules which could then overshadow the spectra of other 

molecules in the mixture. Without prior sample manipulation, a sample collected on Europa 
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would inherently contain a mixture of compounds, some of which may be fluorescent. A 

successful detection of target molecules might thus require additional procedures or instrument 

design modifications, such as time-gating or the application of multiple excitation wavelengths, 

SERS and fluorescence reduction computational methods, in order to reduce the effects of the 

fluorescent background. 

7.2 Porphyrins 

As discussed in Section 6.2, both hemin and protoporphyrin IX are extremely photosensitive 

molecules. No meaningful investigation of cryogenically induced changes in the Raman spectra of 

hemin and protoporphyrin IX was possible at 785 nm excitation due to the high fluorescence 

noise and low signal strength most probably caused by photodamage. Investigations of porphyrins 

at 532 nm excitation benefit from lower fluorescence noise and the results are described below. 

Please note that these results have been published in the Analytical Methods journal prior to the 

completion of this thesis and the reference is provided here [311]. 

As shown in Figure 6-10, both hemin and protoporphyrin are barely detectable in the Raman 

spectra collected at room temperature, even at the optimal laser power setting. However, Raman 

spectra obtained at the same laser power at cryogenic temperatures shown in Figure 7-21 

demonstrate a substantial improvement in the spectral definition and signal strength at these 

extremely low temperatures.  

As shown in Figure 7-21, a remarkable signal enhancement can be observed in the Raman spectra 

of hemin obtained at -196 °C compared to the spectra obtained at room temperature. Some 

bands that are not observable at all at room temperature, namely 983 cm-1, 1220 cm-1, 1339 cm-1, 

1431 cm-1 and 1555 cm- 1, become more visible at -100 °C and then clearly resolvable at -196 °C. 

Additionally, strong Raman bands at 1303 cm-1 and 1528 cm-1 that appear remarkably well 

defined at -196 °C are not visible at all at 22 °C nor -100 °C.  

While the enhancement of the spectra is not as dramatic as in the spectra of hemin, as shown in 

Figure 7-21, the spectra of protoporphyrin also shows a significant signal increase and much 

higher spectral definition at cryogenic temperatures. Previously unresolvable bands at 1163 cm-1 

and 1382 cm-1 become distinguishable at -100 °C and occurrence of a minor band at 1418 cm-1 in 

the spectra at -196 °C was also recorded. 

It is important to note that all Raman bands displayed in the spectra of both porphyrins in Figure 

7-21 at all temperature settings are associated with normal modes as external vibrational modes 

associated with low-energy phonons do not appear in the spectral region evaluated in this study. 
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Figure 7-21 The comparison of hemin (a) and protoporphyrin IX (b) Raman spectra at cryogenic 

temperatures (-100 °C and -196 °C) and room temperature using 532 nm excitation 

and the same laser power density of 9.77 kW/cm2 for hemin and 195 W/cm2 for 

protoporphyrin [311] 

As shown in Figure 7-21, the signal strength enhancement at low temperatures was accompanied 

by changes in the Raman band frequency. At -100 °C, frequency changes from 0.32 cm-1 up to 4.71 

cm-1 compared to room temperature measurements were recorded in the spectra of hemin and 

between 0.54 cm-1 and 6.28 cm-1 in the spectra of protoporphyrin. At -196 °C, changes from 

0.61 cm-1 up to 11.26 cm-1 compared to room temperature measurements were observed in the 

spectra of hemin and between 0.23 cm-1 and 7.32 cm-1 in the spectra of protoporphyrin. 

Similar to the changes observed in the spectra of previously discussed target molecules, the 

frequency of porphyrin Raman bands shifted to both higher and lower frequencies at cryogenic 

temperatures. While frequency shifts to higher frequencies at low temperatures are expected due 

to higher frequency of molecular vibrations caused by the increased rigidity of molecular bonds at 

these temperatures, shifts to lower frequencies could be associated with specific molecular bonds 

as discussed in Section 7.1. The analysis of amino acid vibrational modes and the changes at 

cryogenic temperatures revealed that some vibrational modes, such as stretching modes, are 

more likely to shift to lower frequencies.  
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The assignments of each Raman band observed in the spectra of both porphyrins are provided in 

Table 7-4 with the molecular structure displayed in Figure 7-22. It is important to note that unlike 

the previously presented amino acid data, the low quality of the spectra of both porphyrins at 

room temperature may have lacked the necessary definition to accurately determine the Raman 

band frequency. As such, the vibrational mode assignment analysis may not be as accurate. 

The majority of new bands that only became distinguishable in the spectra at cryogenic 

temperatures were associated with vibrational modes including the vibrations of CH3 and CH2 

groups, particularly bending modes (rocking, wagging, scissoring or twisting). Additionally, Raman 

bands that shifted to higher frequencies by the largest amount were predominantly associated 

with vibrations in the outside chains and groups of the molecule. On the other hand, bands that 

shifted to lower frequencies or stayed relatively stable over the temperature range were at least 

 

Figure 7-22 Molecular structure of hemin (a) and protoporphyrin IX (b) [311] 
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Protoporphyrin IX Hemin 

Raman Band 

Frequency (cm-1) Assignment 

Raman Band 

Frequency (cm-1) Assignment 

RT 173 K 77 K RT 173 K 77 K 

739 740 740 C1-C20=N1-C17=C16 symmetrical 

stretch, C32-C33-C34 

scissoring/rock 

754 754 755 CH (1) rock, CH2 (21) rock, OH (1) 

rock 

1100 1105 1108 CH + CH2 + CH3 rock   983 986 CH2 (27) rock, CH2 (30) twist, CH3 

(25, 28) rock, CH (29, 26) rock 

1125 1126 1126 ring asymmetric stretching, CH + 

CH2 + CH3 rock  

  1053 CH3 + CH2 + CH rock 

 1163 1170 CH + CH2 + CH3 rock, ring 

asymmetric stretching  

1127 1127 1126 N1 ring asymmetric stretch, CH3 

wag (24, 25), CH (1, 16) rock 

1227 1224 1229 CH2 (32) rock, CH2 (33) wag, CH 

rock 

1163 1167 1169 CH2 (21) twist H-O1-C23 scissoring, 

CH2 (22) wag 

1327 1329 1327 CH3 (30, 31) wag   1220 CH rock, ring asymmetric 

stretching (N1, N3, N4) 

1358 1361 1364 CH + CH2 + CH3 rock  1231 1234 1237 CH2 (30) rock, CH rock 

 1382 1385 CH2 (21, 22) rock, CH3 scissoring 1305 1304 1303 ring asymmetric stretching, CH + 

CH2 + CH3 rock 

  1418 ring asymmetric stretching   1316 CH rock, CH3 wag, CH2 wag  

1479 1482 1482 N4 ring asymmetric stretching, CH2 

(26) scissoring, CH3 (27) twist 

  1339 CH3 (24) wag 

  1516 C9=C8 stretching, C28=C29 

stretching, CH2 (29) scissoring, CH3 

(30) scissoring 

1368 1370 1372 CH3 wag, CH2 wag/scissoring, ring 

asymmetric stretching (N1, N2) 

1549 1548 1550 C18=C19 stretching, C5=C6 

stretching, C12-C11 stretching 

1399 1399 1398 CH3 wag, CH2 scissoring, ring 

asymmetric stretching (N3, N4) 

1586 1592 1590 C28=C29 stretching, CH2 (29) 

scissoring, C9=C8 stretching 

 1431 1430 ring asymmetric stretching (N3, 

N4), CH3 twist, CH2 (27) scissoring 

1614 1615 1619 C26=C25 stretching, CH2 (26) 

scissoring, C14-C13=C12 

symmetrical stretching 

  1528 C13=C14 + C8=C9 stretching, CH3 

twist, CH2 scissoring 
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     1555 1555 ring asymmetric stretching (N1, 

N3, N4), CH3 (24, 25, 28) twist, CH2 

(30) scissoring 

    1569 1569 1572 C27=C26 stretch, CH (27) 

scissoring, CH (26) rock), C15=C16 

scissoring 

    1625 1630 1635 C29=C30 stretch, CH2 (30) 

scissoring, CH (29) rock, CH rock, 

ring asymmetric stretching 

Table 7-4 Raman band assignments for hemin and protoporphyrin IX based on DFT calculation 

using SVP and polarizability functions for the calculation of Raman vibrational 

frequencies and Raman activity [311] 

partially assigned to ring stretching modes and other stretching modes within the molecule’s main 

structure. 

Notably, the previously described increase in the fluorescence noise that appears to occur 

consistently in the spectra of all fluorescent target molecules at low temperatures, was not 

observed in the spectra of porphyrins. This is most probably the result of the signal increase 

observed at these temperatures, which may have counter balanced the fluorescence noise 

increase. A similar effect was also observed in the spectra of carotenoids as discussed in Section 

7.3. 

Based on experimental evidence, this enhanced definition and signal strength can be assigned to 

the reduction in the photothermal damage. As already discussed in Section 6.2, two separate 

types of photodegradation contribute to the laser damage observed in the Raman spectra of 

photosensitive samples, photochemical and photothermal. Photochemical degradation in organic 

samples is linked to photooxidation, which would be mitigated in a nitrogen purged environment 

such as applied during the test. However, the Raman spectra of porphyrins at all three 

temperature points shown in Figure 7-21 were collected in a nitrogen purged environment and a 

significant reduction in the photochemical degradation would result in a similar signal increase 

across all three measurements. As evident from Figure 7-21, this is not the case. Likewise, the 

Raman spectra of porphyrins collected in an ambient environment shown in Figure 6-10 do not 

display any significant difference compared to the spectra collected at the same laser power in a 

nitrogen purged environment in Figure 7-21. As such, the signal increase observed in the spectra 

of porphyrins at cryogenic temperatures is unlikely to be the result of a reduction in the 

photochemical degradation of the sample. 
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On the contrary, photothermal degradation is the result of localized heat build-up. This can be 

mitigated by providing a heat sink such as the Linkam cooling stage. In previous research, a 

reduction in the photothermal degradation was observed as a result of mixing the pure porphyrin 

sample with a KBr at 1% concentration and pressing the sample into a pellet, which acts as a heat 

sink [330]. Previous results discussed in Section 6.2 also show a reduction in the photothermal 

degradation in chlorophyll naturally occurring in spinach compared to a concentrated pure 

sample of chlorophyll. Similar to KBr, the tissue matrix of spinach acts as a heat sink and mitigates 

the photothermal degradation induced by the laser. In this experiment, the heat sink is effectively 

provided by the Linkam cooling stage, which reduces the temperature of the sample to cryogenic 

conditions and thus mitigates the photothermal degradation. As discussed previously, the results 

show no significant contribution of photochemical degradation to the signal increase at cryogenic 

temperatures, which indicates it is predominantly the result of the reduction in photothermal 

degradation. 

As shown in Figure 7-23 and Figure 7-24, the signal enhancement is specific to each band in the 

spectra for both hemin and protoporphyrin. Specifically, the SNR comparison shows that the most 

dominant Raman bands clearly visible in the spectra even at room temperature (i.e. 1625 cm-1, 

1569 cm-1 and 1368 cm-1 hemin bands and 1614 cm-1, 1358 cm-1 and 1327 cm-1 protoporphyrin 

bands) display much lower SNR increase at extreme low temperatures than bands that were 

unresolvable or appeared barely distinguishable in the room temperature spectra. This is evident 

in the spectra of both hemin and protoporphyrin. In the spectra of hemin, the highest SNR 

increase from room temperature to -196 °C occurred at nominally very weak bands at 1127 cm-1, 

1163 cm-1 and 1231 cm-1. Similarly, the highest SNR increase in the spectra of protoporphyrin was 

observed at 1227 cm-1, 1125 cm-1 and 1479 cm-1, which are very weak bands only barely 

distinguishable at room temperature. 

Figure 7-23 shows the signal enhancement of each band at cryogenic temperatures quantified in 

percentage of the nominal room temperature signal strength. The figure shows that at -100 °C, a 

comparatively modest signal increase is possible for most porphyrin bands. At -196 °C, Raman 

measurements of hemin can benefit from a signal enhancement of up to 310% and 

protoporphyrin 116%. A signal enhancement of 23% to 310% was observed at -196 °C across all 

resolvable bands of hemin. Most hemin bands increased in intensity by at least 80% with a 

significant number of bands increasing by more than 120%. Across Raman bands of 

protoporphyrin, a signal enhancement of 60% to 116% was observed. 
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Figure 7-23 Relative SNR increase across all fully resolvable bands in the Raman spectra of hemin 

(a) and protoporphyrin IX (b) at cryogenic temperatures (-100 °C and -196 °C) 

compared to room temperature measurements. The SNR enhancement is quantified 

in percentage of the nominal room temperature signal strength including 2σ error 

bars (532 nm excitation at 9.77 kW/cm2 laser power density for hemin and 195 

W/cm2 for protoporphyrin) [311]  

 

Figure 7-24 SNR enhancement across all fully resolvable bands in the Raman spectra of hemin (a) 

and protoporphyrin IX (b) at cryogenic temperatures (-100 °C and -196 °C) compared 

to room temperature measurements using 532 nm excitation and the same laser 

power density of 9.77 kW/cm2 for hemin and 195 W/cm2 for protoporphyrin [311] 

Both the signal enhancement caused by the reduction in thermal degradation and the associated 

decrease of the relative fluorescence noise level and its impact could be very welcome effects in 

the context of the exploration of Europa. The cryogenic temperatures on Europa may allow the 

use of higher laser power and higher energy lasers without causing excessive laser damage. 

Likewise, the identification of extremely photosensitive biosignatures, such as porphyrin 
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derivatives, may also be possible at such conditions. This may greatly enhance the science output 

of Raman spectrometers on Icy Worlds and many other terrestrial applications may also benefit 

from this effect. Specifically, porphyrins and porphyrin derivatives are critical in many biological 

processes and as such, their structure and function are intensively studied in contemporary 

medicine and analytical biochemistry. Raman spectra of porphyrins and their derivatives have 

been studied to investigate ligand binding mechanisms [336]–[338], the oxygenation process of 

human erythrocyte [138], [339], [340] as well as for the analysis of hemoglobin and for whole 

blood analysis to monitor pathological changes in diagnostics and biomedical analysis [138], 

[341]–[343]. Raman spectroscopic investigations of porphyrin derivatives have also been used to 

study healthy and diseased blood cells, most notably to investigate drug interactions with cells 

infected by malaria [138], [344]–[346] or for the analysis of sickle cells [138], [339], [344]. Raman 

spectra have also shown a potential for early detection of Malaria infection [138], [347], [348]. 

However, the inherent photosensitivity of porphyrin based molecules affects the effectiveness of 

Raman spectroscopy in biomedical research [339], [340], [349], [350]. Various methods leading to 

signal enhancement of porphyrins have been studied including the effects of the excitation 

wavelength, resonance and different Raman configurations and methods [341]–[343]. Fourier 

Transform Raman spectroscopy (FT-R) at the NIR excitation of 1064 nm was suggested to reduce 

the sample damage effects in a study of whole blood and hemoproteins [342]. However, Raman 

scattering in the NIR range is much weaker than Raman scattering in the visible range and other 

studies report that the 1064 nm excitation provides only very weak Raman spectra of porphyrins 

compared to other more traditional excitation wavelengths [341], [346], [351]. A shorter 

excitation of 720 nm was suggested to be more practical for in-vivo measurements of whole blood 

and hemoglobin than visible or 1064 nm excitation as it can avoid fluorescence and carotenoid 

interference which occurs at visible excitations while still benefiting from resonance effects [341], 

[351]. Another study of the impact of the excitation wavelength selection on the Raman signal 

enhancement of β-hematin and hemin shows promising signal enhancement at 780-830 nm as 

well as at 564 nm excitation [346]. However, the study also demonstrates that the signal 

enhancement using resonance at these excitation wavelengths is very specific to individual 

vibrational modes and Raman bands [346]. More importantly, selecting a different excitation for 

signal enhancement may not be a viable option for many applications. This is due to interference 

from other molecules and fluorescence and in some cases, certain spectral features of interest 

may be only observable at very specific excitations [138], [341], [342], [346], [348]–[350]. 

A study of porphyrin derivatives at decreased temperatures has shown that lower temperatures 

and shorter exposure to the laser light can limit the photodegradation of the sample, however, 

only a very limited temperature range of 4 °C to 52 °C was used in this study [339]. This restricted 
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the investigation of thermally induced changes in the spectra of porphyrin molecules to relatively 

high temperatures and could not reveal the full potential of cryogenic Raman measurements nor 

inform the development of an instrument for the exploration of Icy Worlds. The study of 

porphyrin molecules at cryogenic temperatures presented in this research work demonstrates 

that cryogenic Raman measurements of porphyrins and porphyrin derivatives can be a very 

effective method of enhancing the signal strength and spectra quality. Moreover, decreasing the 

temperature of the sample is a relatively simple procedure that can be applied regardless of the 

excitation wavelength. Likewise, it does not require mixing the sample with KBr and pressing it 

into a pellet, which was shown to reduce the thermal degradation, as discussed previously, but 

may not be feasible for all applications. Nevertheless, it is also important to note that mixing the 

sample with KBr and reducing the temperature to cryogenic levels are not mutually exclusive and 

the two methods could be used in conjunction to achieve higher signal enhancement levels. 

In conclusion, acquisitions of Raman spectra of porphyrins and their derivatives at cryogenic 

temperatures can be a very effective and simple method of improving the Raman signal strength 

and spectra quality regardless of the Raman instrument configuration and excitation wavelength. 

This can greatly enhance the scientific output of Raman spectroscopy both in extraterrestrial 

exploration as well as in biomedical research including drug design and development, diagnostics 

as well as disease monitoring and analysis. 

7.3 Carotenoids 

The distinct Raman bands in the spectra of carotenoids that are observed at similar frequencies at 

both visible and NIR excitation provide an ideal opportunity to compare the cryogenically induced 

changes between 532 nm and 785 nm excitation. Likewise, the similar spectra of β-carotene and 

astaxanthin allow an evaluation of the impact of the cryogenic changes on distinguishing two 

different molecules with similar Raman spectra. 

The comparison of Raman spectra of β-carotene and astaxanthin at 22 °C, -100 °C and -196 °C at 

785 nm excitation is shown in Figure 7-25 and at 532 nm in Figure 7-26. The Raman shift change 

from room temperature to -196 °C for both carotenoids at both excitation wavelengths is then 

compared in detail in Table 7-5. Both figures as well as Table 7-5 clearly demonstrate that the 

Raman shift change observed across all Raman bands in the spectra of β-carotene is very similar 

at both excitation wavelengths. At both excitation wavelengths, the highest Raman shift change in 

the spectra occurred at the same Raman band and all bands shifted in the same direction by 

approximately the same amount. Additionally, as shown in Figure 7-25 and Figure 7-26, the 

spectra of β-carotene at -196 °C becomes almost identical at 532 nm and 785 nm. The only 
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exception are minor bands nominally at 1991 cm-1 and 1449 cm-1. The Raman shift of these bands 

is displayed with a 1 cm-1 difference in Figure 7-25 and Figure 7-26, however, this is the result of 

rounding the value up or down and the actual shift difference between the 785 nm and 532 nm 

spectra is only 0.15 cm-1 and 0.22 cm-1 respectively. While less consistent than β-carotene, the 

Raman shift changes observed in the spectra of astaxanthin are also similar at 532 nm and 785 

nm. It is important to state, that Raman shift changes observed in the spectra of astaxanthin are 

smaller than changes in β-carotene, which could have also contributed to larger discrepancies. In 

general, as shown in Table 7-5, most bands display similar trends in the Raman shift change at 

cryogenic temperature regardless of the excitation and the specific carotenoid molecule. 

 

Figure 7-25 Raman spectra of β-carotene and astaxanthin at 22 °C, -100 °C and -196 °C at 785 nm 

excitation 
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Figure 7-26 Raman spectra of β-carotene and astaxanthin at 22 °C, -100 °C and -196 °C at 532 nm 

excitation 

The comparison of β-carotene and astaxanthin at both 785 nm and 532 nm shows that these two 

molecules could easily be confused if only the 3 major bands were considered, as it is often the 

case in contemporary research. As shown in Figure 7-25 and Figure 7-26, the β-carotene spectrum 

at -196 °C becomes very similar to the astaxanthin spectrum at room temperature and in fact, it 

becomes more similar to the astaxanthin room temperature spectrum than β-carotene room 

temperature spectrum. This may be an issue for the exploration of Icy Worlds as the lack of 

carotenoid reference spectra at cryogenic temperatures could lead to misidentification. It is 

important to note that the minor peaks in the spectra may help distinguish these two molecules, 

however, these bands may not be visible or fully resolvable, especially in low concentrations or if 
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fluorescence noise is present. Additionally, at 532 nm both β-carotene and astaxanthin share the 

1158 cm-1 Raman band at low temperatures, which is not the case at room temperature. While 

other bands can still help distinguish the two molecules, this may still cause confusion if 

appropriate reference spectra are not available. 

β-carotene Raman band (at 785 nm) 

  

 1008 1156 1191 1212 1270 1353 1394 1449 1514 1584 

Raman shift change from 22 °C to -196 °C 

785 nm  1.14 2.08 0.77 1.73 0.89 1.98 -2.82 -5.67 3.37 2.79 

532 nm  0.87 1.80 0.91 1.66 1.26   -5.14 3.21  

Astaxanthin Raman band (at 785 nm) 

  

977 1007 1159 1192  1278 1352  1390 1446  

Raman shift change from 22 °C to -196 °C 

785 nm 5.15 -0.28 -0.31 0.58  -0.45 0.88 -0.66 -5.63 1.66  

532 nm 5.94 0.06 1.93 -0.51  1.15    3.43  

Table 7-5 Comparison of the Raman shift change from room temperature to -196 °C in the spectra 

of β-carotene and astaxanthin at 532 nm and 785 nm 

As evident from Figure 7-25 and Figure 7-26, the spectral resolution and signal quality rises 

dramatically at lower temperatures and bands barely visible at room temperature become more 

prominent. Similarly, new bands undetectable at room temperatures appear in the spectra at low 

temperatures. Namely 2 minor bands appear in the region below 900 cm-1 in the spectra of 

astaxanthin at 785 nm. At 532 nm, a band at 1586 cm-1 and 1443 cm-1 appear in the spectra of 

β-carotene and astaxanthin respectively. 

An example of the general profile of the Raman shift and band width change in β-carotene is 

shown in Figure 7-27 and appears similar as in previously discussed spectra of amino acids. The 

Raman shift increases with decreasing rate of change until it starts converging to a fixed value at 

around 70 K. The band width shows the same trend in reverse. While the band width trend seems 

to be the same for both carotenoids, the profile of the Raman shift change in the spectra of 

astaxanthin does not match the profile of β-carotene. This is also shown in Figure 7-27, which 

compares the Raman shift and width profile of the 1007 cm-1 Raman band (methyl rocking) in the 

spectra of β-carotene and astaxanthin. As opposed to the β-carotene Raman shift profile, 

astaxanthin Raman shift seems to rise at -100 °C and then drops again at -196 °C. This trend was 

observed at multiple, but not all, astaxanthin bands at both excitations. As such, it is unlikely to be 

a result of variance in the data, which suggests that this profile may be specific to the astaxanthin 

molecule. Additionally, while there is increased variability at the 1007 cm-1 band in the spectra of 

astaxanthin (shown in Figure 7-27), which places the observed change in the 1σ region at 532 nm, 

the change is beyond the 3σ threshold at 785 nm. Likewise, changes observed at other bands with 

the same shift profile lie between 2σ and 3σ regions and beyond, which makes the dissimilar  
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Figure 7-27 Raman shift and band width change of the 1007 cm-1 Raman band (methyl rocking) in 

the spectra of β-carotene and astaxanthin across 22 °C, -100 °C and -196 °C at 785 

nm and 532 nm excitation including 2σ error bars (except for Raman shift change in 

astaxanthin at 532 nm, which is shown with 1σ error bars) 
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profile unlikely to be the result of an instrumental error. This dissimilar behaviour at extreme low 

temperatures between β-carotene and astaxanthin molecules could potentially serve as a tool to 

distinguish these two molecules. As already discussed, this may be important, if not necessary, for 

a successful identification on Icy Worlds as these molecules mimic each other at low 

temperatures and could be easily confused. 

It is also important to highlight that sigma error bar analysis classifies the changes observed in the 

spectra of both carotenoids at both excitations well beyond the 3σ threshold for most bands with 

a few within the 2σ region and only a couple in the 1σ region. This provides relatively high 

confidence that the observed changes are the result of the temperature change rather than an 

experimental error or variability in the data. 

In general, the highest observed change in the Raman shift was 5.67 cm-1 and 5.14 cm-1 in the 

spectra of β-carotene at 785 nm and 532 nm respectively, and 5.63 cm-1 and 5.94 cm-1 in the 

spectra of astaxanthin at the same excitation. This consistent upper limit suggests that the spectra 

of carotenoids in general may not shift by more than approximately 6 cm-1 at cryogenic 

conditions. It is also important to state that these are a relatively minor change compared to the 

maximum change in the Raman shift observed in the spectra of amino acids, which reached up to 

25 cm-1. As discussed in Section 7.1, the highest changes were observed in the spectra of the 

simplest amino acids with Tryptophan, a relatively more complex aromatic amino acid, showing 

the smallest maximum change of 8 cm-1. Carotenoids are much longer and structurally complex 

molecules than amino acids, which explains the relatively smaller changes in the Raman shift 

compared to amino acids. This supports the assumption discussed in Section 7.1 that more 

complex molecules display smaller changes across different temperatures and demonstrates that 

this is true regardless of the molecular species. 

All bands except for 1394 cm-1 and 1449 cm-1 shifted to higher frequencies in the spectra of 

β-carotene. The two bands that shifted to lower frequencies also shifted to lower frequencies in 

the spectra of astaxanthin. Some other astaxanthin bands also shifted to lower frequencies, 

however, only by a relatively small amount (<0.45 cm-1). In general, Raman shift changes observed 

in the spectra of astaxanthin at low temperatures are much smaller than in the spectra of 

β-carotene. This indicates the spectra of astaxanthin is more stable across different temperatures 

than β-carotene. As shown in Figure 7-28, as opposed to β-carotene, astaxanthin includes 

additional hydroxyl and ketone functional groups. This additional complexity may have been the 

result of the relatively smaller changes and relatively higher stability in its spectra at low 

temperatures. This would also be in line with the results in Section 7.1, which identified simpler 

molecules to be more likely to exhibit larger spectral changes at cryogenic conditions. 
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Figure 7-28 Molecular structure of β-carotene and astaxanthin 

Similar to the changes in the band width observed in the spectra of amino acids, all bands in the 

spectra of both carotenoids at both excitation wavelengths decreased significantly at cryogenic 

temperatures. The band width decreased by 23-52% and 13-52% in the spectra of β-carotene at 

785 nm and 532 nm respectively. A decrease by 10-50% was observed in the spectra of 

astaxanthin at 785 nm and 22-68% at 532 nm. This significant decrease in the Raman band width 

results in much higher accuracy of the Raman measurements at extreme low temperatures and 

could be potentially very beneficial for both the exploration of Europa as well as many other 

applications. 

As shown in Figure 7-29, the Raman shift and band width variance in the spectra of β-carotene 

and astaxanthin decreases significantly at low temperatures. Apart from a few minor 

discrepancies, this effect was observed consistently at both 785 nm and 532 nm excitation for 

both carotenoids. This same trend was also observed in the spectra of amino acids, as discussed 

previously in Section 7.1. This suggests that the lower variance at low temperatures is 

independent of the molecular species or the excitation wavelength. As already discussed 

previously, this significant decrease in the variability of the spectra between individual 

measurements increases the precision of Raman spectroscopy at cryogenic temperatures, which 

can be beneficial for many applications beyond the exploration of Icy Worlds. 

As shown in Figure 7-26, both β-carotene and astaxanthin display fluorescence noise at 532 nm 

excitation. However, as opposed to the fluorescence trend observed in amino acids at cryogenic 

temperatures, the fluorescence noise does not impede the identification of carotenoids and does 

not lower their SNR. On the contrary, the SNR of carotenoid Raman bands rises dramatically from 

room temperature to -196 °C. This is shown in Figure 7-30, which compares the SNR trend of both 

carotenoids at both excitations. This increase in SNR may be the result of signal increase at low 

temperatures which may counterbalance the increase in the fluorescence noise. As pigment 

molecules, carotenoids are inherently more photosensitive than amino acids. As such, it is  

β-carotene 

Astaxanthin 
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Figure 7-29 Average Raman shift and band width variance across all bands in the spectra of 

β-carotene and astaxanthin across 22 °C, -100 °C and -196 °C at 785 nm and 532 nm 

excitation  

possible that the extreme low temperatures reduced the effect of photothermal damage that 

may have decreased the SNR at room temperature but may have not been obvious in the spectra. 

This dramatic increase in the SNR of carotenoid molecules at cryogenic temperatures is a very 

welcome effect for the search for life on Europa and other Icy Worlds. It may also be a useful tool 
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in other applications as carotenoids are often used as biomarkers in biomedical research and 

higher sensitivity to these molecules could make cryogenic Raman spectroscopy much more 

effective than traditional room temperature measurements. 

 

Figure 7-30 SNR change observed at the 3 most dominant carotenoid Raman bands in the spectra 

of β-carotene and astaxanthin across 22 °C, -100 °C and -196 °C at 785 nm and 532 

nm excitation 

75

112

205 285

340

611

336

383

629

y = -0.584x + 236.74

y = -1.4471x + 675.19 y = -1.3015x + 685.86

0

100

200

300

400

500

600

700

0 100 200 300

S/
N

 R
at

io

Temperature [K]

1008 1514

1156 Linear (1008)

Linear (1514) Linear (1156)

β-carotene
785 nm

219
402

883

856

1270

2553

826

1161

2154

y = -2.978x + 1042.5

y = -7.5904x + 2939.5 y = -5.9454x + 2461.5

0

500

1000

1500

2000

2500

3000

0 100 200 300

S/
N

 R
at

io

Temperature [K]

1007 1515

1159 Linear (1007)

Linear (1515) Linear (1159)

Astaxanthin
785 nm

24

80

166

275

574

817

155

346

539

y = -0.6413x + 206.66

y = -2.4859x + 1007.7 y = -1.7554x + 665.76

0

100

200

300

400

500

600

700

800

900

1000

0 100 200 300

S/
N

 R
at

io

Temperature [K]

1009 1514

1157 Linear (1009)

Linear (1514) Linear (1157)

β-carotene
532 nm

23

30

119

239

286
303

148

166

241

y = -0.4232x + 134.14y = -0.297x + 330.15

y = -0.4117x + 259.77

0

50

100

150

200

250

300

0 100 200 300

S/
N

 R
at

io

Temperature [K]

1007 1516

1157 Linear (1007)

Linear (1516) Linear (1157)

Astaxanthin
532 nm



Chapter 7 

149 

7.4 Pigments 

Apart from carotenoids, which are discussed in the previous section, the two other pigments 

examined in this study are chlorophyll A and c-phycocyanin. Out of these two pigments, only the 

spectra of c-phycocyanin at 785 nm excitation could be analysed at cryogenic temperatures as 

excessive fluorescence prevented any analysis of chlorophyll at both excitations and 

c-phycocyanin at 532 nm excitation. At 785 nm, the spectra of c-phycocyanin show signs of the 

molecule’s Raman signature, however, only a few barely resolvable Raman bands are visible 

within the high fluorescence background. This is displayed in Figure 7-31, which compares the 

spectra of c-phycocyanin at 22 °C, -100 °C and -196 °C.  

Unfortunately, the fluorescence interference in the spectra affected the band width and SNR too 

much to accurately determine its Raman shift. As such, the Raman shift values displayed in Figure 

7-31 represent only the best estimate available using the peak-pick (FWHM) algorithm in 

conjunction with manual FWHM calculations of segments of the data where the automated 

process failed to recognize the Raman signature.  

 

Figure 7-31 Raman spectra of c-phycocyanin at 22 °C, -100 °C and -196 °C at 785 nm excitation 

It is important to note that the signature of c-phycocyanin as displayed in Figure 7-31 is not 

sufficient to fully identify the molecule. However, an analysis of the fluorescence noise tendencies 
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was attempted nevertheless. This was done predominantly in order to further investigate the SNR 

change in the spectra of extremely photosensitive molecules at cryogenic temperatures. This is 

because investigations of other photosensitive molecules discussed in this study revealed SNR rise 

at cryogenic temperatures, which is contradictory to SNR trends observed in the spectra of other 

fluorescent molecules. 

The SNR trend across the examined temperature range is shown in Figure 7-32. While the SNR 

change in c-phycocyanin is minor due to the high fluorescence background, an upwards trend 

similar to the SNR trend observed in the spectra of other photosensitive molecules can be derived 

from the data. The c-phycocyanin SNR increases by 9.5% from room temperature to -196 °C.  

 

Figure 7-32 SNR of the c-phycocyanin spectra across 22 °C, -100 °C and -196 °C at 785 nm 

excitation 

While an accurate assignment of the band Raman shift was not possible due to the high 

fluorescence noise, all three resolvable bands shifted to higher frequencies at lower 

temperatures. The maximum change in the Raman shift was monitored despite possible 

inaccuracy due to the high fluorescence noise and was determined to be 3.1 cm-1 at the 644 cm-1 

band. C-phycocyanin is a relatively complex molecule with multiple functional groups and 

aromatic rings, as shown in Figure 7-33. As such, the maximum shift of 3.1 cm-1 is in accordance 

with previously discussed observations as it is just shy of the 5.6 cm-1 maximum change in 

carotenoids, which are slightly less structurally complex than c-phycocyanin compared to the 

complexity of other molecules examined in this study. 

 

Figure 7-33 Molecular structure of c-phycocyanin 
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7.5 Natural Mixtures 

In order to explore the effect of cryogenic temperatures on pigments in their naturally occurring 

form, samples of spinach and a carrot root were examined. As shown in Section 6.2, pigments 

imbedded in a natural tissue matrix were shown to have much higher laser damage thresholds 

than their raw counterparts. This allowed cryogenic investigations of naturally occurring 

chlorophyll, which was not detectable in its pure sample form. The spectra of spinach (naturally 

occurring chlorophyll) and carrot (naturally occurring β-carotene) at 532 nm excitation at room 

temperature, -100 °C and -196 °C are shown in Figure 7-34.  

 

Figure 7-34 Raman spectra of spinach (naturally occurring chlorophyll) and a carrot root (naturally 

occurring β-carotene) at 22 °C, -100 °C and -196 °C at 532 nm excitation 

Both spinach and carrot spectra show fluorescence at room temperature, which intensifies at 

decreasing temperatures. The rise in the fluorescence background is quantified in a SNR plot in 

Figure 7-35, which compares the SNR at the major peak in the spectra at various temperatures. 

This fluorescence rise is consistent with trends observed in other fluorescent molecules, except 

for porphyrins and carotenoids, which are mildly fluorescent at 532 nm at room temperature but 

show a significant increase in the SNR at low temperatures. This is an interesting phenomenon as 

porphyrin is the base of chlorophyll, which dominates the spectra of spinach, and β-carotene is 
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the dominant signature in the spectra of a carrot. As such, spinach and carrot spectra should show 

similar trends at low temperatures as their pure counterparts, which is not the case.  

This can be explained by the extreme photosensitivity of both porphyrins and carotenoids in their 

pure form, as detailed in Section 6.2. As shown in Section 7.2 and 7.3, the SNR increase at low 

temperatures in the spectra of porphyrins and carotenoids may be attributed to the reduction in 

photothermal damage of the sample at these temperatures due to the presence of a heat sink. On 

the contrary, chlorophyll and β-carotene in naturally occurring mixtures are much less 

photosensitive and the fluorescence background occurring in the spectra is the result of the live 

tissue matrix interference and naturally occurring impurities rather than sample damage. As such, 

cryogenic temperatures do not counterbalance the sample damage in their spectra and the SNR 

decreases. 

 

Figure 7-35 SNR change observed at the most dominant Raman bands in the spectra of spinach 

and carrot (1523 cm-1 and 1519 cm-1 respectively) across 22 °C, -100 °C and -196 °C at 

532 nm excitation 
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spectra shift to higher frequencies only by a marginal amount, however, in the spectra of pure β-

carotene, it shifts by a considerably higher amount. This implies either that different carotenoids 

were dominant in each sample or that the interaction of the carotenoid molecule with its natural 

matrix in the carrot sample affected the cryogenically induced changes in the spectra. While it is 

impossible to confirm this without further analysis, in both cases, this experiment shows that 

Raman spectroscopy can potentially and effectively distinguish these very minor differences 

within a sample when used at two different temperature points. While further investigations of 

this effect are needed, this could be a very valuable capability in Raman spectroscopy that could 

be utilized in many scientific areas.  

Other effects observed universally across all molecules, i.e. the profile of the shift and width 

change across temperatures, decrease in the shift variance across different measurements and 

Raman band narrowing at low temperatures were also observed in the spectra of both spinach 

and carrot at 532 nm. Additionally, similar results observed at the 532 nm excitation were also 

observed at 785 nm. 

7.6 Nucleic Acids 

Unfortunately, excessive fluorescence in the spectra of DNA at both 532 nm and 785 nm 

excitation as well as RNA at 532 nm prevented any analysis of the thermally induced changes in 

the spectra of these molecules. The Raman signature of RNA is visible at 785 nm, however, the 

spectra is plagued by a high fluorescence noise background. This hinders any meaningful analysis 

of the thermally induced changes beyond basic observations and an investigation of the 

fluorescence interference trends, which are detailed below.  

The Raman spectra of RNA obtained at room temperature, -100 °C and -196 °C using a 785 nm 

Raman system are compared in Figure 7-36. As shown in the figure, the severe fluorescence noise 

in the RNA spectra obscures the Raman signature and the bands that are visible even despite the 

fluorescence noise are barely resolvable. As a result of this, the Raman shift corresponding to 

each distinguishable band at each temperature, as shown in Figure 7-36, may not be sufficiently 

accurate to draw conclusions. However, based on the data obtained, all bands except for one 

(723 cm-1) shifted to higher frequencies at lower temperatures. The Raman shift changes were 

relatively minor in all cases and the largest change observed from room temperature to -196 °C 

was 3.3 cm-1 at the 1559 cm-1 band. This is a relatively small change compared to the changes 

observed in the spectra of some other molecules, such as amino acids or carotenoids, which are 

much smaller and less complex than RNA. RNA is a long macromolecule composed of a chain of  
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Figure 7-36 Raman spectra of RNA at 22 °C, -100 °C and -196 °C at 785 nm excitation 

ribonucleotides where each ribonucleotide is made of a nucleobase, a ribose sugar and a 

phosphate. While the maximum change observed in RNA may not be entirely accurate due to the 

fluorescence interference, it is in line with previously discussed results, which indicate that larger 

and more complex molecules exhibit smaller Raman shift changes at cryogenic conditions. It is 

also important to note that while Raman shift changes at half of the bands in the spectra of RNA 

lie in the 1σ error region, which does not indicate high confidence in the results, the 3.3 cm-1 

maximum shift at the 1559 cm-1 band is well beyond the 3σ error threshold. Despite the 

fluorescence, this provides a relatively good confidence that this is an accurate measurement of 

the change. 

As already observed in other fluorescent molecules, such as some amino acids at 532 nm 

excitation, the fluorescence noise in the spectra of RNA increases at lower temperatures. This is 

shown in Figure 7-36 and the corresponding SNR trend across the measured temperature range is 

detailed in Figure 7-37. The SNR analysis shows a linear downwards trend with approximately a 

54.3% decrease in the SNR from room temperature to -196 °C. This has a major impact on the 

detectability of the molecule as many of the bands in the spectra become hard to distinguish and 

assign without repeated measurements. While undoubtedly beneficial for many other reasons, 

multiple measurements may be a luxury not accessible on Europa.  
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Figure 7-37 SNR change observed in the spectra of RNA across 22 °C, -100 °C and -196 °C at 

785 nm 

7.7 Carboxylic Acids 

The comparison of ectoine spectra at 785 nm excitation collected at room temperature, -100 °C 

and -196 °C is shown in Figure 7-38. At 532 nm excitation, ectoine is only detectable at high laser 

power due to severe fluorescence occurring at this wavelength. Due to the cryogenically induced 

increase in fluorescence, ectoine was not detectable at 532 nm at low temperatures at all, which 

prevented any meaningful analysis at this wavelength. 

While most ectoine Raman bands shifted to higher frequencies, some also shifted to lower 

frequencies as shown in Figure 7-38. In both cases, the profile of the shift change followed the 

same trend as described previously (e.g. in Figure 7-2). The highest shift change from room 

temperature to -196 °C was 11.22 cm-1 at the 113 cm-1 band and the second highest 7.2 cm-1 at 

the 1637 cm-1 band. This is a similar magnitude of change as observed in histidine, which also 

happens to be structurally similar to ectoine. As shown in Figure 7-38, similar to histidine, ectoine 

is also an aromatic molecule with a carboxylic acid group and one side group. The highest 

negative change was 3.59 cm-1 at the 774 cm-1band, which is also one of the most dominant bands 

in the ectoine spectra. Some bands remained relatively stable across all temperatures with the 

absolute lowest recorded shift being 0.48 cm-1 at 1275 cm-1. 

Similar to previous results, significant Raman band width narrowing also occurred in the spectra 

of ectoine at cryogenic temperatures and the highest decrease in the width between 22 °C 

and -196 °C was 20.63 cm-1 (79%). Figure 7-39 shows the variability between individual 

measurements, which decreased at low temperatures as consistent with previous results. The 

average SNR of the ectoine spectra increased at lower temperatures and the trend is shown in 

Figure 7-39. Similar to previous results, the higher SNR was accompanied by higher resolution 

21.0320.21

9.63

y = 0.0502x + 7.8241

7

12

17

22

0 50 100 150 200 250 300 350

S/
N

 R
at

io

Temperature [K]

RNA 785 nm



Chapter 7 

156 

within the spectra, which also allowed the detection of a few minor bands that were previously 

unresolvable at room temperature (e.g. 436 cm-1  and 458 cm-1). 

 

Figure 7-38 Raman spectra of ectoine at 22 °C, -100 °C and -196 °C at 785 nm excitation (6.9 kJ 

total energy dose and the fluence of 13.79 MJ/cm2) 

 

Figure 7-39 Raman shift variance (left) and SNR change (right) recorded in the spectra of ectoine 

across 22 °C, -100 °C and -196 °C at 785 nm excitation  

The minimum peak-to-peak distance in the ectoine spectra was 21.23 cm-1 at 22 °C, 21.82 cm-1 

at -100 °C and 22 cm-1 at -196 °C. Similar to some amino acids, the minimum peak-to peak 

distance increases at lower temperatures due to bands shifting to higher frequencies. 
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The spectra of palmitic acid at 22 °C, -100 °C and -196 °C at 785 nm are shown in Figure 7-40, at 

532 nm follows the same trends as at 785 nm. Similar to ectoine, some bands in the spectra of 

palmitic acid move to lower frequencies at lower temperatures, however, the majority moves to 

higher frequencies. It also follows the same profile of change as already described previously for 

other samples.  

 

Figure 7-40 Raman spectra of palmitic acid at 22 °C, -100 °C and -196 °C at 785 nm excitation (6.9 

kJ total energy dose and the fluence of 13.79 MJ/cm2) 

The highest shift change from room temperature to -196 °C was 3.84 cm-1 at the 672 cm-1 band 

which is comparable to the maximum shift change observed in the spectra of RNA and only 

slightly less than carotenoids and porphyrins. As shown in Figure 7-40, palmitic acid is a long 

carbon chain with a carboxylic group and its structural complexity is not far from RNA or 

carotenoids.  The highest negative change was 2.66 cm-1 at the 2744 cm-1 band. Some bands 

remained relatively stable across all temperatures with shifts as low as 0.11 cm-1 or 0.13 cm-1. 

While sigma analysis showed that some of these small shifts are the result of an experimental 

variance, some of these bands were well within or beyond the 2σ region. 
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Likewise, significant Raman band width narrowing was also recorded in the spectra of palmitic 

acid at cryogenic temperatures and the highest decrease in the width between 22 °C and -196 °C 

was 10.44 cm-1 (59%). As shown in Figure 7-41, the variability between individual measurements 

decreased at low temperatures and the average SNR increased at lower temperatures as 

consistent with previous results. Similar to ectoine, the higher definition within the spectra at 

cryogenic temperatures revealed a few minor bands such as the 1628 cm-1 and 1658 cm-1 bands. 

The minimum peak-to-peak distance in the spectra of palmitic acid was 28.04 cm-1 at 22 °C, 23.53 

cm-1 at -100 °C and 26.17 cm-1 at -196 °C.  

 

Figure 7-41 Raman shift variance (left) and SNR change (right) recorded in the spectra of palmitic 

acid across 22 °C, -100 °C and -196 °C at 785 nm excitation 

7.8 Carbohydrates 

The only carbohydrate examined was trehalose, which is shown at 22 °C, -100 °C and -196 °C at 

532 nm in Figure 7-42. While trehalose signature is visible at 785 nm at room temperature, it is 

not detectable at all at low temperatures, which prevented any analysis at this wavelength. With 

the exception of a few bands, most trehalose Raman bands shift to higher frequencies at 

cryogenic temperatures. The profile of the shift change corresponds to the one described 

previously for other samples. 

The highest change in the shift from 22 °C to -196 °C was 3.18 cm-1 at the 540 cm-1 band which is 

comparable to the maximum shift change observed in the spectra of RNA and palmitic acid. As 

already discussed, palmitic acid and RNA have similarly complex structures and as shown in Figure 

7-42, trehalose is also structurally similar to RNA due to its aromatic base. The highest negative 

change was 1.78 cm-1 at the 520 cm-1 band. A few bands proved relatively stable across all 

temperatures with 3 bands shifting by less than 0.5 cm-1. The shift change observed for most 

trehalose Raman bands was well within or over the 3σ region.  
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Figure 7-42 Raman spectra of trehalose at 22 °C, -100 °C and -196 °C at 532 nm excitation 

(538.8 mJ total energy dose and the fluence of 2.35 MJ/cm2) 

Trehalose is mildly fluorescent at room temperature and similar to other fluorescent molecules, 

the SNR of trehalose decreases at low temperatures due to the increase in the fluorescent 

background. This is quantified in Figure 7-43. The variability between different spectra as well as 

the Raman band width decreased at low temperatures, which makes the measurement at low 

temperatures both more accurate and precise. As a result of this, the spectra shown in Figure 

7-42 showcase a higher definition at low temperatures even despite the decreased SNR. This also 

revealed two new bands, 480 cm-1 and 2881 cm-1, which were not distinguishable at room 

temperature. 
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Overall, the highest decrease in the band width between the temperature extremes was 9.9 cm-1 

(59%) at the 1121 cm-1 band. The minimum peak-to-peak distance in the trehalose spectra was 

18.04 cm-1 at 22 °C, 18.83 cm-1 at -100 °C and 19 cm-1 at -196 °C. 

 

Figure 7-43 Raman shift variance (left) and SNR change (right) recorded in the spectra of trehalose 

across 22 °C, -100 °C and -196 °C at 532 nm excitation 

7.9 Isoprenoids 

Both pristane and squalane are detectable at both 785 nm and 532 nm excitation and tendencies 

in the cryogenic changes proved similar at both excitations. However, bands between 800 cm-1 to 

1500 cm-1 are proportionally much less visible in the spectra at 532 nm due to the heightened 

signal of the Raman bands in the region of 2800-3000 cm-1 at this excitation. The results will 

therefore be shown and discussed using the 785 nm excitation spectra. 

The spectra of pristane and squalane at 22 °C, -100 °C and -196 °C at 785 nm are shown in Figure 

7-44 and Figure 7-45 respectively together with their molecular structure. As shown in the figures, 

the spectra of pristane and squalane are almost identical, which makes studying the spectral 

changes at cryogenic temperatures a potentially very valuable asset. In both cases, the definition 

within the spectra visibly improved at lower temperatures. This allowed the detection of 

previously unresolvable bands, namely 835 cm-1 and 871 cm-1, 1170 cm-1 in pristane and 835 cm-1, 

868 cm-1, 1171 cm-1 and 1337 cm-1 in the squalane spectra. This higher spectral quality can be 

attributed to the SNR increase at cryogenic temperatures, which is quantified in Figure 7-46, 

shifting of Raman band frequencies resulting in a higher peak-to-peak distance and the significant 

band narrowing. In the spectra of pristane, the highest band width decrease was 45.78 cm-1 (78%) 

and in the squalane spectra 56.96 cm-1 (77%). Similar to other examined samples, the variability of 

the measurements also decreased at lower temperatures as shown in Figure 7-47. 

Nevertheless, despite the higher precision and accuracy of the measurements together with the 

higher spectral quality, distinguishing the two compounds could be challenging. As shown in  

0.037%

0.035%

0.033%

0.031%

0.032%

0.033%

0.034%

0.035%

0.036%

0.037%

0.038%

0 50 100 150 200 250 300 350

Sh
if

t 
V

ar
ia

n
ce

 [
%

]

Temperature [K]

trehalose
532 nm

17333

19558

11165

y = 26.23x + 11250

10,000

12,000

14,000

16,000

18,000

20,000

0 50 100 150 200 250 300 350

S/
N

 R
at

io

Temperature [K]

trehalose
532 nm



Chapter 7 

161 

 

Figure 7-44 Raman spectra of pristane at 22 °C, -100 °C and -196 °C at 785 nm excitation 

Figure 7-44 and Figure 7-45, the remarkably similar signatures of the two isoprenoids also display 

similar tendencies in the band shift changes at low temperatures. Moreover, the minor 

differences in the spectra of pristane and squalane at room temperature seem to disappear or 

become less prominent at cryogenic temperatures. Specifically, the Raman band nominally at 

819 cm-1 in pristane and 816 cm-1 in squalane both shift to 811 cm-1 at -196 °C. Likewise, 953 cm-1 

(pristane) and 954 cm-1 (squalane) both shift to 952 cm-1 and the 1056 cm-1 (pristane) and 

1058 cm-1 (squalane) bands both converge to a higher frequency within 1 cm-1 of each other 

(between 1059 cm-1 and 1060 cm-1 respectively). Furthermore, one of the most dominant bands 

at 1442 cm-1 at 22 °C in squalane shifts to 1439 cm-1 at -196 °C and less than 1 cm-1 from the 

1438 cm-1 band in the spectra of pristane. This could potentially lead to misidentification if 

cryogenically induced spectral changes are not known or considered. Additionally, bands at 

1462 cm-1 (pristane) and 1459 cm-1 (squalane), which could be used to distinguish the two 
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compounds at room temperature, converge to a frequency that is within less than 1 cm-1 of each 

other at -196 °C (1462 cm-1 and 1461 cm-1 respectively).  

 

Figure 7-45 Raman spectra of squalane at 22 °C, -100 °C and -196 °C at 785 nm excitation 

While these changes make the two compounds much harder to distinguish at low temperatures 

and could also cause misidentification if only room temperature reference spectra are used, some 

cryogenically induced changes that could prove to be very useful for differentiating between the 

two samples have been observed.  

Firstly, the maximum change in the Raman shift in the spectra of pristane is a decrease by 

8.29 cm-1, which is almost twice as much as the maximum shift change in the spectra of squalane, 

i.e. decrease by 4.29 cm-1. Both occurred at the same band (819 cm-1 and 816 cm-1). Considering 

previous results from other samples, this variation is expected as squalane is a longer molecule 

and the general trend indicates that larger and more complex molecules display lower changes in 
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the Raman shift at low temperatures. With the maximum shift change of 4.29 cm-1, squalane 

places just below carotenoids, which have similarly long molecular chains but also include an 

aromatic ring, which is not present in squalane. Likewise, the pristane band nominally at 

1462 cm-1 seems to be relatively stable and remains at this frequency even at low temperatures 

while the corresponding 1459 cm-1 squalane band at room temperature moves to 1462 cm-1 

at -100 °C and 1461 cm-1 at -196 °C. Considering the shift change amplitude observed in the 

spectra of squalane, this is the largest change towards higher frequencies and sigma error bar 

analysis shows no indication of experimental error or variation for these changes. While this shifts 

the two bands closer, this variation in the shift change could also be used to distinguish the two 

molecules provided that measurements at two different temperature points are available. Since 

the spectral signature of pristane and squalane are almost identical even at room temperature, 

cryogenic measurements in conjunction with regular room temperature measurements could be 

helpful in distinguishing these two molecules for many applications besides the exploration of 

Europa. 

 

Figure 7-46 SNR change recorded in the spectra of pristane (left) and squalane (right) across 

22 °C, -100 °C and -196 °C at 785 nm excitation 

 

Figure 7-47 Raman shift variance recorded in the spectra of pristane (left) and squalane (right) 

across 22 °C, -100 °C and -196 °C at 785 nm excitation 
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Both isoprenoids followed a similar profile of change as already described for other compounds 

for both the Raman shift and band width. The minimum peak-to-peak distance in the pristane 

spectra was 23.09 cm-1 at 22 °C, 21.18 cm-1 at -100 °C and 20.95 cm-1 at -196 °C. For squalane the 

minimum peak-to peak distance in the spectra was 17.06 cm-1 at 22 °C, 21.13 cm-1 at -100 °C and 

20.58 cm-1 at -196 °C. 

7.10 Steranes 

The comparison of room temperature spectra of 5ɑ cholestane and spectra obtained at cryogenic 

temperatures at 785 nm excitation is shown in Figure 7-48. A good quality spectrum of 5ɑ 

cholestane is also obtainable at 532 nm, however, due to the relative enhancement of cholestane 

bands in the region above 2800 cm-1, lower frequency bands show much lower signals, which 

makes their comparison across different temperatures less accurate. Since the general trends 

observed at cryogenic temperatures are similar at both excitations, the 785 nm spectra will be 

used to show the results of this study.  

As shown in Figure 7-48, 5ɑ cholestane has a very complex Raman signature featuring numerous 

Raman bands. Similar to other samples, the definition within the spectra rises at low 

temperatures with many bands becoming more prominent. This also leads to the detection of 

bands unresolvable at room temperature, e.g. bands at 838 cm-1, 919 cm-1 and 1102 cm-1. In many 

instances, measurements at cryogenic temperatures also show bands splitting into multiple 

distinct bands. Just like in previous samples, this is the result of significant narrowing of the 

Raman band width as well as SNR increase and frequency shifts at low temperatures. 

Most bands within the spectra of 5ɑ cholestane remain relatively stable across all temperatures 

and shifts to both lower and higher frequencies are common. In both cases, the profile of the shift 

change corresponds to the gradually decreasing rate of change curve described previously (e.g. 

Section 7.1). The highest change in the shift from 22 °C to -196 °C was 3.87 cm-1 at the 2952 cm-1 

band. Interestingly, the highest negative change between the temperature extremes (3.65 cm-1 at 

1455 cm-1) is comparable in magnitude. This was not observed in other samples where the 

magnitude of the negative changes was typically much lower than the positive change (i.e. 

shifting to higher frequencies). The highest change in the Raman shift in the spectra of cholestane 

is very similar to the maximum changes in the shift observed in palmitic acid and just below the 

magnitude observed in carotenoids. While cholestane is a shorter molecule than both palmitic 

acid and carotenoids, it also contains a complex aromatic structure, which may be preventing any 

larger changes to occur.  
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As clearly visible in Figure 7-48, significant narrowing of the Raman bands was observed at low 

temperatures with the highest decrease in the band width between 22 °C and -196 °C being as 

high as 9.2 cm-1 (50%) at the 1174 cm-1 band. 

 

Figure 7-48 Raman spectra of 5ɑ cholestane at 22 °C, -100 °C and -196 °C at 785 nm excitation, 

note that there are no Raman bands between 1600 cm-1 and 2750 cm-1 and this 

region was excluded for clarity 

Similar to previous results observed across all examined samples, the variability between 

individual measurements decreased with decreasing temperature, which is shown in Figure 7-49. 

The figure also quantifies the SNR increase of the spectra from room temperature to -196 °C, 

which is also consistent with the results of other non-fluorescent molecules examined in this 

study. 
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Due to the numerous Raman bands in the cholestane signature, the minimum peak-to-peak 

distance is much lower than in most other samples. The minimum peak-to-peak distance in the 5ɑ 

cholestane spectra was 9.94 cm-1 at 22 °C, 10.03 cm-1 at -100 °C and 10.9 cm-1 at -196 °C, all 

occurring between 1164 cm-1 and 1174 cm-1. In this case, both of the bands have comparable 

signal strength and width, which would result in a wider band with an incorrect frequency. 

Considering the FWHM width of the bands, which was between 9-11 cm-1, the spectral resolution 

to resolve the bands would have to be around 4.5-6 cm-1. However, due to the high density of 

peaks in certain spectral regions, there are a number of other bands with a peak-to-peak distance 

as low as 11-12 cm-1. Some adjacent bands with this low peak-to-peak distance, such as 1126 cm-1 

and 1137 cm-1 or 1000 cm-1 and 1012 cm-1, feature one wider and higher intensity band and 

another relatively wide but lower intensity band, which requires spectral resolution much higher 

than the nominal peak-to-peak distance in order to prevent the bands to blend into one very wide 

band with a skewed frequency measurement. Considering the width and relative signal strength 

of the bands, the spectral resolution necessary to resolve bands with such a peak-to-peak 

distance may be as high as 3-6 cm-1.  

 

Figure 7-49 Raman shift variance (left) and SNR change (right) recorded in the spectra of 5ɑ 

cholestane across 22 °C, -100 °C and -196 °C at 785 nm excitation 
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Figure 7-50 Raman spectra of adenine and cytosine at 22 °C, -100 °C and -196 °C at 532 nm 

excitation 

 

Figure 7-51 Raman spectra of thymine and uracil at 22 °C, -100 °C and -196 °C at 532 nm 

excitation 
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extend at -196 °C as only some major bands remain visible in the spectrum. This is shown in Figure 

7-50. Thymine, shown in Figure 7-51, is barely resolvable even at room temperature due to the 

severe fluorescence background but some major bands in the spectra remain visible and 

distinguishable even despite the increased fluorescence at cryogenic temperatures. Uracil, the 

spectrum of which is the least affected by fluorescence even at room temperatures, is the only 

nucleobase that remains fully identifiable at cryogenic temperatures at 532 nm. This is shown in 

Figure 7-51. 

The SNR comparison of all examined nucleobases at 532 nm at various temperatures is shown in 

Figure 7-52. The SNR of all nucleobases decreases at lower temperatures with the highest SNR 

drop between the temperature extremes being full 100% in the spectra of adenine and the lowest 

only 2.48% in uracil. The SNR of cytosine decreased by 68.42% from 22 °C to -196 °C and the SNR 

of guanine and thymine by 31.28% and 29.71% respectively.  

 

Figure 7-52 SNR change recorded in the spectra of nucleobases across 22 °C, -100 °C and -196 °C 

at 532 nm excitation 
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Due to the severe fluorescence background in the spectra of nucleobases even at room 

temperatures, the results and comparison of the cryogenic changes will be primarily discussed 

using the spectra obtained at 785 nm, where only adenine and thymine are mildly fluorescent.  

The description of the cryogenically induced changes in the spectra of each nucleobase at 785 nm 

is provided individually in Sections 7.11.1 to 7.11.5, however, a couple of trends among all the 

nucleobases are described here.  

Similar to other samples examined in this study, most bands withing the spectra of nucleobases 

shift to higher frequencies at low temperatures and the shift change follows the same pattern as 

 

Figure 7-53 Raman shift change from room temperature to -196 °C in the spectra of nucleobases. 

The trend observed at the most dominant Raman band in the spectra is shown 

together with 2σ error bars. 
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already described in previous sections. This is shown in Figure 7-53 with 2σ error bars. The figure 

shows the trend for the most dominant Raman band in the spectra, however, just like in other 

samples, most other bands follow the same pattern. 

Likewise, all bands within the spectra of nucleobases showed significant narrowing at lower 

temperatures and the change followed a similar gradual pattern but inverse. This has also been 

shown previously for other samples. 

The variability between individual measurements recorded in the spectra of nucleobases at 

785 nm is shown in Figure 7-54. As shown in the figure, the variability decreased approximately 

linearly towards low temperatures for all nucleobases except for adenine, where the variability 

increased at low temperatures. As adenine is fluorescent at room temperature at 785 nm 

excitation, this variability increase can be attributed to the effects of the fluorescence 

 

Figure 7-54 Raman shift variance recorded in the spectra of nucleobases across 22 °C, -100 °C and 

-196 °C at 785 nm excitation 
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background, which rises at low temperatures. It is important to note that thymine, which is also 

fluorescent at 785 nm, does not display the same trend as adenine. This may be attributed to the 

fact that the fluorescence background in thymine is very low and barely detectable, especially 

compared to the fluorescence in adenine.  

This fluorescence rise is also reflected in the adenine SNR change between room temperature 

and -196 °C. This is shown in Figure 7-55 together with the SNR change of all other nucleobases at 

785 nm. Contrary to the SNR trends observed in many other samples, the SNR in nucleobases 

decreases at lower temperatures even without fluorescence present in the spectra. The only 

exception to this is uracil, which shows an increase in the SNR at low temperatures. Uracil is the 

simplest nucleobase and displays a very high SNR spectrum at room temperature compared to 

other nucleobases. It is also the only nucleobase that contains only one aromatic ring with only 

 

Figure 7-55 SNR change recorded in the spectra of nucleobases across 22 °C, -100 °C and -196 °C 

at 785 nm excitation 
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double bonds outside of the ring. All other nucleobases include either two rings or a group 

outside of the ring attached via a single bond, or both. Double bonds are stronger and harder to 

break by environmental disturbances. These may all be factors contributing to the cryogenically 

induced signal increase in the spectra of uracil. 

7.11.1 Adenine 

The comparison of adenine spectra at 785 nm collected at room temperature, -100 °C and -196 °C 

is shown in Figure 7-56. Adenine is the only nucleobase that is fluorescent at 785 nm. As shown in 

Figure 7-56, the fluorescence background is only mild at room temperatures but it rises at lower 

temperatures and visibly decreases the SNR of adenine at -196 °C. The SNR decrease is quantified 

in Figure 7-55. 

 

Figure 7-56 Raman spectra of adenine at 22 °C, -100 °C and -196 °C at 785 nm excitation 
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band at 725 cm-1, and the 624 cm-1 band remain relatively stable across all temperatures and only 

shift by less than 0.3 cm-1 at -196 °C. Sigma error bar analysis indicates that the shift observed at 

624 cm-1 is a true shift due to temperature variation as it lies within the 3σ error region. The 

miniscule shift of 0.13 cm-1 observed at the 725 cm-1 lies in the 1σ region, which would suggest it 

may have been the result of variance in the data. However, given that the 2σ threshold is only 

0.38 cm-1 and the 3σ threshold 0.58 cm-1, it is reasonable to assume that this band is naturally 

relatively stable regardless. The 725 cm-1 band is attributed to ring breathing and the 624 cm-1 

band to adenine’s 6-membered ring deflection [352]. As shown for amino acids in Section 7.1, 

these vibrational modes typically generate the lowest shifts in frequency. As such, the relative 

stability of these bands is consistent with previous results. The highest shift from 22 °C to -196°C 

in the spectra of adenine was 8.01 cm-1 at the 124 cm-1 band. This is a maximum shift magnitude 

comparable to the one observed in the spectra of tryptophan, which is also an aromatic molecule 

of similar complexity to adenine that also shows mild fluorescence at 785 nm.  

Similar to other samples, the Raman band width within the spectra of adenine decreased 

significantly at cryogenic temperatures. The highest band width decrease was by as much as 

5.48 cm-1 (28%). The minimum peak-to-peak distance in the adenine spectra was 39.2 cm-1 at 

22 °C, 39.35 cm-1 at -100 °C and 38.76 cm-1 at -196 °C.  

7.11.2 Guanine 

The spectra of guanine at 785 nm at room temperature, -100 °C and -196 °C are shown in Figure 

7-57. As already discussed, despite not being fluorescent at 785 nm, the spectra of guanine show 

a decrease in its SNR at lower temperatures. However, Figure 7-57 shows that despite the SNR 

drop, measurements at cryogenic temperatures can still provide higher definition spectra. 

Specifically, the band at 563 cm-1 visibly reveals two distinct peaks at lower temperatures, which 

were not resolvable at room temperature. Similarly, the 166 cm-1 band appears as a single peak at 

22 °C, however, the measurement at -196 °C clearly shows it may actually be three different 

peaks. The three bands between 1366 cm-1 and 1428 cm-1 also show much higher definition 

at -196 °C than at room temperature. This is due to the narrowing of the bands at low 

temperatures and shifts in their frequency.  

Shifts to both lower and higher frequencies were observed and the highest shift from 22 °C 

to -196 °C was 6.63 cm-1. This is the lowest maximum shift among all nucleobases. This is an 

expected result as guanine, with its two aromatic rings and two groups (O= and NH2-) outside of 

the rings, is the most structurally complex nucleobase. Interestingly, the highest shift to lower 

frequencies was similar in magnitude to the highest positive shift, i.e. 6.60 cm-1. This band is 
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associated with ring stretching [352]. Some bands within the spectra of guanine also remained 

relatively stable across all temperatures, namely bands at 495 cm-1, 562 cm-1, 650 cm-1, 850 cm-1 

and 1268 cm-1. These bands only shifted by less than 0.55 cm-1. Sigma error bar analysis indicates 

these shifts are not due to variation in the data except for the 595 cm-1 band shift of 0.04 cm-1, 

which lies in the 1σ error region. Given that the 3σ threshold for this band is only 0.12 cm-1, 

however, this band may be assumed to be highly stable across all temperatures anyway. The 

bands are attributed to 6-membered ring deflection (495 cm-1 and 562 cm-1), ring breathing 

(650 cm-1), 5-membered ring deflection (850 cm-1) and ring stretching (1268 cm-1) [352]. These 

vibrational modes, i.e. stretching and ring deflection, have been previously shown to result in the 

lowest or negative shift changes and as such the stability of these peaks is in line with previous 

results. 

 

Figure 7-57 Raman spectra of guanine at 22 °C, -100 °C and -196 °C at 785 nm excitation 

Similar to other examined molecules, the Raman band width within the spectra of guanine 

decreased significantly at low temperatures. The highest band width decrease was by 8.85 cm-1 
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(49%). The minimum peak-to-peak distance in the spectra of guanine was 26.99 cm-1 at 22 °C 

(between 1163 cm-1 and 1190 cm-1), 22.77 cm-1 at -100 °C and 21.98 cm-1 at -196 °C (both 

between 1366 cm-1 and 1396 cm-1). In both cases, these adjacent bands have similar signal 

intensity and could merge into a single very wide band with incorrect frequency measurement if a 

sufficient resolution was not available. This is especially critical in the region between 1366 cm-1 

and 1428 cm-1 as there are three bands in close vicinity, which could blend together completely. 

7.11.3 Cytosine 

The spectra of cytosine at 785 nm at room temperature, -100 °C and -196 °C are shown in Figure 

7-58. While the SNR decreases at cryogenic temperatures (as shown in Figure 7-55), the definition 

within the spectra is visibly higher compared to measurements at room temperature. This results 

in three new bands appearing in the spectra at cryogenic temperatures, namely the band at  

 

Figure 7-58 Raman spectra of cytosine at 22 °C, -100 °C and -196 °C at 785 nm excitation 
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225 cm-1, 819 cm-1 and 1544 cm-1, as well as the band at 538 cm-1 becoming resolvable from its 

adjacent band. 

Shifts to both lower and higher frequencies were observed and the highest shift from 22 °C 

to -196 °C was 9.86 cm-1. This is higher than both adenine and guanine. This is in line with previous 

results as both guanine and adenine are higher complexity molecules containing two rings as 

opposed to cytosine’s single 6-membered ring. The lowest shift in frequency was 0.64 cm-1 at the 

550 cm-1 band, which is associated with ring deflection [352]. This is also a vibrational mode 

typically associated with lower temperature induced changes in the Raman shift as discussed 

earlier in this study. 

The Raman band width decreased at lower temperatures just as seen in the spectra of other 

molecules. The highest band width decrease in the spectra of cytosine was 9.92 cm-1 (61%) or by 

percentage 64% (8.53 cm-1). 

The minimum peak-to-peak distance in the spectra of cytosine was 26.1 cm-1 at 22 °C (between 

1156 cm-1 and 1182 cm-1), 17.55 cm-1 at -100 °C (between 1284 cm-1 and 1302 cm-1) and 

12.29 cm-1 at -196 °C (538 cm-1 and 550 cm-1). It is important to note that the 12.29 cm-1 minimum 

clearance between 538 cm-1 and 550 cm-1 at -196 °C is not as critical for identification as the peak-

to-peak distance between 1285 cm-1 and 1303 cm-1. These two bands are dominant bands in the 

cytosine spectra that are important for identification and the distance between these two peaks is 

17.74 cm-1 at -196 °C. 

7.11.4 Thymine 

The spectra of guanine at 785 nm at room temperature, -100 °C and -196 °C are shown in Figure 

7-59. Despite not being particularly fluorescent at 785 nm at room temperature, the 

measurement at -100 °C clearly shows a fluorescence background, which intensifies at -196 °C. 

This fluorescence rise obscures the spectra and renders some bands undetectable, namely bands 

at 1220 cm-1 and 1252 cm-1. The SNR comparison across the measured temperature range is 

shown in Figure 7-55. 

All thymine bands except for 286 cm-1 shifted to higher frequencies at lower temperatures. The 

highest shift from 22 °C to -196 °C was 7.86 cm-1  at the 1498 cm-1 band, which is associated with 

NH bending [353]. This is higher than the maximum shift in guanine and less than in cytosine, 

which corresponds to the relative complexity of these molecules. Thymine only contains one ring, 

compared to the two-ring structure of guanine, and includes an additional group outside of the 

ring compared to cytosine, which has the same one-ring base.  
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Similar to other examined molecules, the Raman band width within the spectra of thymine 

decreased significantly at low temperatures. The highest band width decrease was by 7.29 cm-1 

(53%). The minimum peak-to-peak distance in the spectra of guanine was 25.04 cm-1 at 22 °C, 

25.28 cm-1 at -100 °C and 25.46 cm-1 at -196 °C, all occurring in the region between 1415 cm-1 and 

1498 cm-1.  

 

Figure 7-59 Raman spectra of thymine at 22 °C, -100 °C and -196 °C at 785 nm excitation 

7.11.5 Uracil 

The spectra of uracil at 785 nm at room temperature, -100 °C and -196 °C are shown in Figure 

7-60. Unlike other nucleobases, the spectra show a very visible signal increase at low 

temperatures, which is also reflected in the SNR comparison in Figure 7-55. This signal increase is 

accompanied by higher resolution within the spectra, which results in one new minor band at 

1615 cm-1 that occurs in the spectra at -100 °C. Similarly, barely detectable bands at 192 cm-1 and 

394 cm-1 become fully resolvable at lower temperatures.  
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The vast majority of uracil bands shift towards higher frequencies with decreasing temperature, 

however, bands at 192 cm-1 and 989 cm-1 shift to lower frequencies. The 989 cm-1 band is also the 

most stable band in the spectra as it only shifts by 0.8 cm-1 between the two temperature 

extremes. The band is assigned to ring bending [353], which makes its stability in line with 

previously observed tendencies as ring vibrations seem to display relatively lower changes in the 

Raman shift. The highest shift from 22 °C to -196 °C was 10.23 cm-1, which is the highest maximum 

shift across all nucleobases. This is also in line with previous results as uracil is the simplest 

nucleobase with only a one-ring structure and two O= groups outside of the ring. 

 

Figure 7-60 Raman spectra of uracil at 22 °C, -100 °C and -196 °C at 785 nm excitation 

Similar to other examined molecules, the Raman band width within the spectra of uracil 

decreased significantly at low temperatures. The highest band width decrease was by 14.87 cm-1 
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comparable signal strength and that are one of the dominant features of the uracil signature. 

Considering the width of the bands, spectral resolution lower than 12-14 cm-1 could render these 

bands unresolvable and impact the identifiability of the sample. 

7.12 Coenzymes 

The comparison of nicotinamide spectra at 785 nm excitation collected at room 

temperature, -100 °C and -196 °C is shown in Figure 7-61. All bands in the spectra of nicotinamide 

with the only exception of the band at 789 cm-1 shifted to higher frequencies at lower 

temperatures and followed the same profile of change in the Raman shift as previously described 

for other samples.  

 

Figure 7-61 Raman spectra of nicotinamide at 22 °C, -100 °C and -196 °C at 785 nm excitation 
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The profile of change for the dominant peak of nicotinamide (1046 cm-1) is shown with 2σ error 

bars in Figure 7-62 and it is in line with previously discussed trends. The 789 cm-1 band shifted to a 

lower frequency but only by 0.68 cm-1.  

 

Figure 7-62 Raman shift change from room temperature to -196 °C observed at the most 

dominant band in the spectra of nicotinamide (1046 cm-1) including 2σ error bars 
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2σ error region, it is very unlikely to be the result of variance in the data or instrumental error and 

the band can be assumed to be naturally very thermally stable. 

Similar to previous results, significant Raman band width narrowing also occurred in the spectra 

of nicotinamide at cryogenic temperatures and the highest decrease in the band width between 

22 °C and -196 °C was 11.51 cm-1 (58%). The variability between individual measurements also 

decreased at low temperatures, which is quantified in Figure 7-63 for both Raman shift and 

Raman band width. Interestingly, while the unaltered nicotinamide spectra in Figure 7-61 display 

visibly lower intensity at -196 °C, the SNR actually increases towards lower temperatures and 

peaks at -196 °C. This is shown in Figure 7-64 and can be partly attributed to the narrowing of the 

bands as well as shifting of the bands towards higher frequencies, which enhances the resolution 

within the spectra. 

The minimum peak-to-peak distance in the nicotinamide spectra was 37.81 cm-1 at 22 °C, 36.65 
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Figure 7-63 Raman shift variance (left) and band width variance (right) recorded in the spectra of 

nicotinamide across 22 °C, -100 °C and -196 °C at 785 nm excitation  

 

Figure 7-64 SNR change recorded in the spectra of nicotinamide across 22 °C, -100 °C and -196 °C 

at 785 nm excitation 

 

Figure 7-65 Raman spectra of nicotinamide at 22 °C, -100 °C and -196 °C at 532 nm excitation 
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As opposed to the nicotinamide spectra at 785 nm, the nicotinamide spectrum at 532 nm is 

fluorescent. Similar to other fluorescent samples, the nicotinamide fluorescence also rises at 

lower temperatures, which is shown in Figure 7-65. This is also accompanied by a significant 

decrease in the SNR, as shown in Figure 7-66.  

 

Figure 7-66 SNR change recorded in the spectra of nicotinamide across 22 °C, -100 °C and -196 °C 

at 532 nm excitation 

 

Figure 7-67 Raman shift variance (left) and band width variance (right) recorded in the spectra of 

nicotinamide across 22 °C, -100 °C and -196 °C at 532 nm excitation 
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technique for the exploration of Europa as some statistics-based computational methods may 

struggle with the variability of the spectra and increased fluorescence. 

7.13 Inorganics 

Hawaiian palagonite was examined in order to assess any potential interference of inorganic soil 

material with biosignature Raman spectra as a result of cryogenically induced changes in the 

spectra. The spectra of palagonite at 785 nm at 22 °C, -100 °C  and -196 °C  are shown in Figure 

7-68. The figure clearly shows an increase in both the background fluorescence and signal 

strength. While there were no Raman bands resolvable at 22 °C and -100 °C, new distinct spectral 

features appear in the spectra at -196 °C. While the SNR and fluorescence change could not be 

effectively quantified due to the lack of spectral features in the spectra at 22 °C and -100 °C, the 

figure clearly shows a remarkable rise in the absolute Raman signal intensity. In absolute terms, 

 

Figure 7-68 Raman spectra of Hawaiian palagonite (HWMK101) at 22 °C, -100 °C and -196 °C at 

785 nm excitation 
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the intensity changed from just below 7000 counts at room temperature to 18700 counts 

at -196 °C, which is more than 2.5 higher.  

While potentially very useful for the identification of palagonite on Earth, this remarkable 

enhancement in the palagonite signal may be challenging for the detection of some biosignatures 

if palagonite is present in the sampled material on Europa. This especially applies to 

biosignatures, such as nucleobases, which show a decrease in signal strength at low temperatures 

and could therefore be gradually overshadowed by the signature of palagonite or other inorganic 

material. Additionally, the new spectral features in the spectra of palagonite could also lead to a 

serious case of misidentification if reference spectra at cryogenic temperatures are not available. 

While this is not within the scope of this study, these results prove that further research is 

necessary to understand the cryogenically induced changes in minerals and inorganic material 

that could obstruct the detection of biosignatures on Icy Worlds. 
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Chapter 8 Detection Limits: Sensitivity 

This chapter presents the results of the sensitivity experiments aiming to investigate the LODs 

achievable with various excitation wavelengths for various molecules. This includes quantification 

of the minimum and maximum laser fluence and total energy dose in Section 8.1.1, which is then 

used to support the sensitivity study in Section 8.1.2. 

8.1.1 Minimum and Maximum Laser Fluence and Total Energy Dose  

The minimum and maximum laser power, laser fluence and total energy dose for the 

identification of the examined set of samples at 532 nm, 633 nm and 785 nm are shown in Figure 

8-1, Figure 8-2 and Figure 8-3 respectively. Each figure shows the classification of each 

measurement taken with a given sample at a given excitation and laser power setting. As detailed 

in 5.1.2.4, measurements are classified into 5 groups based on the identifiability of the sample: 

undetectable (U), limited detectability (L), detectable (D), ideal spectral signature and 

oversaturated detector (O). It is important to note that measurements were taken only up to the 

maximum laser power of the laser source as described in Section 5.1.2. This is because 

measurements at higher laser power delivered to the sample would require increasing the 

exposure time, however, this increases the total energy dose but not the power spectral density. 

As such, measurements collected in this manner would not be fully comparable to measurements 

within the laser source nominal power range.  

Since the natural maximum laser fluence and total energy dose for full identification are defined 

by the laser damage threshold or by the oversaturation of the detector, some samples did not 

reach the maximum within the measured laser power range. Note that laser damage thresholds 

are discussed in more detail in Section 6.2, this section focuses solely on the detectability of the 

molecule. Similarly, some molecules denoted as L at a certain laser power and excitation 

wavelength are only detectable to a limited extend due to the fluorescence background in their 

spectra at that wavelength. This is discussed in more detail in Section 6.1. 

The results at all excitation wavelengths displayed in Figure 8-1, Figure 8-2 and Figure 8-3 show 

vast differences in the optimal laser power setting among the target molecules. Carotenoids in 

particular show much lower minimum laser fluence than other molecules, which is particularly 

pronounced at 785 nm. At this wavelength, most molecules become detectable at least to a 

limited extend at 137.9 kJ/cm2 while astaxanthin becomes fully detectable at 2.76 J/cm2. Similarly, 

some molecules at 785 nm also require much higher laser fluence than other molecules for 

successful detection, namely 5ɑ cholestane, squalane and RNA. These molecules only become 
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Figure 8-1 Detectability of target molecules at 532 nm at various laser power (O = detector 

oversaturated due to high intensity signal, U = undetectable, L = limited detectability, 

D = fully detectable, I = fully detectable with all minor features, i.e. measurement 

yielding an optimal spectrum) 

Wavelength

Power [mW] 2.25E-06 4.49E-06 2.25E-05 4.49E-05 0.0225 0.0449 0.225 0.449 2.245 4.49 22.45 44.9

Power Density [W/cm^2] 9.77E-03 1.95E-02 9.77E-02 0.195 97.71 195.4 977.1 1954 9771 1.95E+04 9.77E+04 1.95E+05

Fluence [J/cm^2] 1.173 2.345 11.73 23.45 1.17E+04 2.35E+04 1.17E+05 2.35E+05 1.17E+06 2.35E+06 1.17E+07 2.35E+07

Total Dose [mJ] 2.69E-04 5.39E-04 2.69E-03 5.39E-03 2.694 5.388 26.94 53.88 269.4 538.8 2694 5388
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Figure 8-2 Detectability of target molecules at 633 nm at various laser power (O = detector 

oversaturated due to high intensity signal, U = undetectable, L = limited detectability, 

D = fully detectable, I = fully detectable with all minor features, i.e. measurement 

yielding an optimal spectrum) 

Wavelength

Power [mW] 5.2E-07 1.04E-06 5.2E-06 1.04E-05 0.0052 0.0104 0.052 0.104 0.52 1.04 5.2 10.4

Power Density [W/cm^2] 1.60E-03 3.20E-03 1.60E-02 3.20E-02 15.99 31.97 159.9 319.7 1599 3197 1.60E+04 3.20E+04

Fluence [J/cm^2] 0.1918 0.3837 1.918 3.837 1918 3837 19184 38367 1.92E+05 3.84E+05 1.92E+06 3.84E+06

Total Dose [mJ] 6.24E-05 1.25E-04 6.24E-04 1.25E-03 0.624 1.248 6.24 12.48 62.4 124.8 624 1248
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Figure 8-3 Detectability of target molecules at 785 nm at various laser power (O = detector 

oversaturated due to high intensity signal, U = undetectable, L = limited detectability, 

D = fully detectable, I = fully detectable with all minor features, i.e. measurement 

yielding an optimal spectrum) 

 

Wavelength

Power [mW] 1.15E-06 5.75E-06 1.15E-05 5.75E-05 1.15E-04 0.0575 0.115 0.575 1.15 5.75 11.5 57.5 115

Power Density [W/cm^2] 2.30E-03 1.15E-02 2.30E-02 0.1149 0.2299 114.9 229.9 1149 2299 1.15E+04 2.30E+04 1.15E+05 2.30E+05

Fluence [J/cm^2] 0.2759 1.379 2.759 13.79 27.59 1.38E+04 2.76E+04 1.38E+05 2.76E+05 1.38E+06 2.76E+06 1.38E+07 2.76E+07

Total Dose [mJ] 1.38E-04 6.90E-04 1.38E-03 6.90E-03 0.0138 6.9 13.8 69 138 690 1380 6900 13800
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detectable at 2.76 MJ/cm2 (5ɑ cholestane) and 13.79 MJ/cm2 (squalane and RNA). While this 

needs to be verified experimentally due to variability in the relative concentration of compounds, 

these results suggest that a 785 nm instrument may require multiple measurements at various 

laser power settings in order to ensure the sampled material is scanned for all potential 

biosignatures. It also indicates that a 785 nm instrument is more likely to be plagued by detector 

oversaturation or interference due to the presence of high signal molecules or contaminants. 

While interference due to fluorescence may be mitigated, high intensity molecular interference 

cannot be extracted from the spectra. Rather, a sample handling mechanism to filter the 

molecules within the sampled material would be necessary. This is much more complex than 

fluorescence mitigation. 

The number of molecules detectable at each excitation wavelength as well as at each laser power 

setting is quantified in Table 8-1. Out of the 30 examined samples, 25 are detectable at least to a 

limited extend at 532 nm, 22 at 633 nm and 24 at 785 nm. This would give the 532 nm excitation 

an advantage over 633 nm and 785 nm. However, this advantage over 633 nm would be very 

small and the advantage over 785 nm almost negligible. Additionally, if only fully detectable 

molecules are considered, the 532 nm only allows the detection of 18 molecules while the 633 nm 

can detect 22 and 785 nm 24.  

Similar tendencies can also be observed when considering the relative priority of the target 

molecules. Out of the 10 highest priority molecules (class A), 532 nm only allows full detection of 

6 while 633 nm and 785 nm can both detect 7. However, if molecules that can be detected only to 

a limited extend are considered, 532 nm would detect 9 (90%) while both 633 nm and 785 nm 

remain at 7. Considering the two highest priority classes (A and B), the trend is also similar. Out of 

the 21 target molecules classified A or B, 532 nm excitation would achieve full detection of 19 and 

13 if limited detection is also considered. Both 633 nm and 785 nm allow full detection of 17 A or 

B class molecules, out of which none would be only detectable to a limited extend. 

This leads to the conclusion that any of the excitations would serve fairly well for the detection of 

most of the target molecular species for the search for life on Europa. However, the NIR excitation 

is more likely to provide better quality spectra and visible excitations may not be able to provide 

sufficiently detailed spectra in order to distinguish individual molecules within the species. It is 

also important to note that this is mainly due to the effects of fluorescence and may be mitigated 

with a robust fluorescence suppression technique. 
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Table 8-1 The number of molecules detectable at each excitation wavelength and each laser 

power setting (L = limited detectability, D = fully detectable, I = fully detectable with 

all minor features, i.e. measurement yielding an optimal spectrum) 

8.1.2 Sensitivity 

The sensitivity of an instrument to different molecules determines the lowest detectable 

concentration (LOD) of the molecule. This is an important detection limit on Europa as the 

concentration of biomolecules in its icy shell is predicted to be very low. The minimum and 

maximum laser fluence data shown in the previous section were used alongside measurements of 

control molecules at various low concentrations in water in order to determine the LOD of the 

target molecules at different excitation wavelengths.  

Wavelength

Power [mW] 0.0225 0.0449 0.225 0.449 2.245 4.49 22.45 44.9

Power Density [W/cm^2] 97.71 195.4 977.1 1954 9771 1.95E+04 9.77E+04 1.95E+05

Fluence [J/cm^2] 1.17E+04 2.35E+04 1.17E+05 2.35E+05 1.17E+06 2.35E+06 1.17E+07 2.35E+07

Total Dose [mJ] 2.694 5.388 26.94 53.88 269.4 538.8 2694 5388

L 3 9 13 11 3 1 0 0

L [%] 10% 30% 43% 37% 10% 3% 0% 0%

D 0 1 5 7 9 6 2 0

D [%] 0% 3% 17% 23% 30% 20% 7% 0%

I 1 1 3 5 8 10 7 5

I [%] 3% 3% 10% 17% 27% 33% 23% 17%

D and I 1 2 8 12 17 16 9 5

D and I [%] 3% 7% 27% 40% 57% 53% 30% 17%

D, I and L 4 11 21 23 20 17 9 5

D, I and L [%] 13% 37% 70% 77% 67% 57% 30% 17%

Total (D and I)

Total (D and I) [%]

Total (D, I and L)

Total (D, I and L) [%]

Wavelength

Power [mW] 0.0052 0.0104 0.052 0.104 0.52 1.04 5.2 10.4

Power Density [W/cm^2] 15.99 31.97 159.9 319.7 1599 3197 1.60E+04 3.20E+04

Fluence [J/cm^2] 1918 3837 19184 38367 1.92E+05 3.84E+05 1.92E+06 3.84E+06

Total Dose [mJ] 0.624 1.248 6.24 12.48 62.4 124.8 624 1248

L 0 0 8 8 3 1 0 0

L [%] 0% 0% 27% 27% 10% 3% 0% 0%

D 1 0 1 5 13 12 6 4

D [%] 3% 0% 3% 17% 43% 40% 20% 13%

I 1 2 2 3 3 7 10 9

I [%] 3% 7% 7% 10% 10% 23% 33% 30%

D and I 2 2 3 8 16 19 16 13

D and I [%] 7% 7% 10% 27% 53% 63% 53% 43%

D, I and L 2 2 11 16 19 20 16 13

D, I and L [%] 7% 7% 37% 53% 63% 67% 53% 43%

Total (D and I)

Total (D and I) [%]

Total (D, I and L)

Total (D, I and L) [%]

Wavelength

Power [mW] 1.15E-06 5.75E-06 1.15E-05 5.75E-05 1.15E-04 0.0575 0.115 0.575 1.15 5.75 11.5 57.5 115

Power Density [W/cm^2] 2.30E-03 1.15E-02 2.30E-02 0.1149 0.2299 114.9 229.9 1149 2299 1.15E+04 2.30E+04 1.15E+05 2.30E+05

Fluence [J/cm^2] 0.2759 1.379 2.759 13.79 27.59 1.38E+04 2.76E+04 1.38E+05 2.76E+05 1.38E+06 2.76E+06 1.38E+07 2.76E+07

Total Dose [mJ] 1.38E-04 6.90E-04 1.38E-03 6.90E-03 0.0138 6.9 13.8 69 138 690 1380 6900 13800

L 1 1 0 0 0 5 7 4 1 2 1 0 0

L [%] 3% 3% 0% 0% 0% 17% 23% 13% 3% 7% 3% 0% 0%

D 0 0 1 0 0 1 4 3 6 4 3 2 1

D [%] 0% 0% 3% 0% 0% 3% 13% 10% 20% 13% 10% 7% 3%

I 0 0 0 1 1 1 2 12 13 15 16 19 13

I [%] 0% 0% 0% 3% 3% 3% 7% 40% 43% 50% 53% 63% 43%

D and I 0 0 1 1 1 2 6 15 19 19 19 21 14

D and I [%] 0% 0% 3% 3% 3% 7% 20% 50% 63% 63% 63% 70% 47%

D, I and L 1 1 1 1 1 7 13 19 20 21 20 21 14

D, I and L [%] 3% 3% 3% 3% 3% 23% 43% 63% 67% 70% 67% 70% 47%
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Among the control molecules examined at various concentrations between 100 wt% and 

0.01 wt% in water, only adenine was detectable at a concentration below 5 wt%. At 532 nm 

adenine was successfully detected at 0.1 wt%. At 785 nm, the spectral signature of the control 

molecule nicotinamide was only detectable at and above 5 wt%. The secondary control molecule, 

glycine, was not detectable at 5 wt% at 785 nm but was detectable at this concentration at 

532 nm. This is summarised in Table 8-2, which compares the experimentally obtained LOD data 

of the control molecules to the predicted values obtained as described in Section 5.1.2.5.  

Control molecule 
LOD at 532 nm [wt%] LOD at 785 nm [wt%] 

experimental predicted experimental predicted 

Primary: adenine 0.1     

Primary: 
nicotinamide 

  5   

Secondary: 
glycine 

<5 2.5 
>>5 

<<50 
25 

Table 8-2 Theoretical and experimental LODs of the control molecules  

A comparison of glycine spectra at 100 wt% and 5 wt% at 532 nm is shown in Figure 8-4. As shown 

in the figure, the major bands of glycine are still visible, and the molecule could be detectable at a 

slightly lower concentration that the nominal 5 wt%. Therefore, the predicted 2.5 wt% LOD for 

glycine at 532 nm appears to be an accurate estimate. Similarly, the predicted LOD for glycine at 

785 nm was 25 wt% which is a good estimate considering the experimental results as no sign of 

the glycine signature was detectable in the spectra collected at 5 wt% at 785 nm but the molecule 

was fully detectable at 50 wt%. While these are rough estimates resulting in a relatively high 

absolute margin of error, it is important to note that the concentration of biomolecules on Europa 

is measured in the order of parts per billion (ppb). As such, these estimates are more than 

sufficient for the purposes of this study. 

 

Figure 8-4 Raman spectra of a pure glycine sample compared to a 5 wt% solution in water at 

532 nm 
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The theoretical estimate of the lowest detectable concentration of each target molecule at 532 

nm and 785 nm is shown in Table 8-3. As clearly visible in the table, all molecules at 532 nm have 

much lower LODs than at 785 nm. This was expected as the Raman scattering intensity is 

proportional to λ-4.  However, neither 532 nm nor 785 nm can detect any of the target molecules 

at a sufficiently low concentration for in-situ exploration of Europa. The estimated concentration 

of biomolecules in the Europan ice could be in the order of ppb and as low as 0.01 ppb [9], [19], 

[23], which is 3 orders of magnitude lower than even the lowest theoretical LOD among the 

examined target molecules. The lowest concentration detectable was 5 ppm for astaxanthin at 

785 nm. However, it is important to note that apart from astaxanthin, all other molecules have 

much higher LODs at 785 nm than at 532 nm. While no molecule is detectable at concentrations 

as low as 5 ppm at 532 nm, a number of molecules could be detected at 100-200 ppm, namely 

β-carotene, protoporphyrin, nicotinamide and natural chlorophyll. Many other molecules at 

532 nm could be detected at 1000-2000 ppm, which is still roughly 2 orders of magnitude better 

than most molecules at 785 nm. 

Furthermore, while these LODs are vastly inadequate for the exploration of Europa, it may be 

sufficient for in-situ biosignature detection on Mars. Research conducted to date using data from 

Mars analogue sites and predictions estimate the concentration of biomolecules to be from as 

low as 0.0001 wt % (i.e.1 ppm) to 0.36 wt % in the regolith and in the order of 1 ppb or lower in 

the Martian Ice [61]–[64]. While the LOD required for the exploration of Martian ice is clearly also 

out of reach for traditional Raman instruments at 532 nm and 785 nm, most examined target 

molecules could be theoretically detectable at concentrations required for detection in the 

Martian regolith. This is a reassuring result as most state-of-the-art Raman instruments have been 

designed for bulk detection of minerals on Mars but could in theory also allow biosignature 

detection as well given that 2 out of the 3 flown or soon-to-be flown Raman instruments for 

extraterrestrial exploration are 532 nm Raman systems.  

It is also important to note that these results are based on room temperature data, while 

experiments at cryogenic temperatures analogous to Europa revealed that the signal intensity 

may change with decreasing temperature. Some molecules, such as nucleobases, show lower SNR 

at decreased temperatures, which would inevitably also decrease the LOD.  Depending on the 

specific molecules, data indicates that the SNR of nucleobases can decrease by very little to over 

50% at 785 nm. At 532 nm the SNR decrease is even higher due to fluorescence interference. This 

decrease could thus result in LODs much higher than stated in Table 8-3 .  
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Table 8-3 Estimated lowest detectable concentration of target biosignatures for the exploration of 

Europa at 532 nm and 785 nm (U = molecule undetectable) 

wt% ppm ppth wt% ppm ppth

0.1% 1000 1 25% 250000 250

1% 10000 10 50% 500000 500

1% 10000 10 25% 250000 250

0.2% 2000 2 25% 250000 250

1% 10000 10 25% 250000 250

0.2% 2000 2 25% 250000 250

0.2% 2000 2 25% 250000 250

0.1% 1000 1 25% 250000 250

0.2% 2000 2 25% 250000 250

0.1% 1000 1 50% 500000 500

1% 10000 10 2500% 25000000 25000

0.01% 100 0.1 2.5% 25000 25

0.1% 1000 1 0.00050% 5 0.005

1% 10000 10 500% 5000000 5000

U U U U U U

U U U U U U

U U U U U U

U U U 2500% 25000000 25000

0.1% 1000 1 5% 50000 50

0.1% 1000 1 2.5% 25000 25

0.2% 2000 2 5% 50000 50

1% 10000 10 25% 250000 250

0.1% 1000 1 5% 50000 50

1% 10000 10 50% 500000 500

0.02% 200 0.2 5% 50000 50

0.02% 200 0.2 U U U

1% 10000 10 U U U

U U U 50% 500000 500

0.1% 1000 1 50% 500000 500

0.01% 100 0.1 U U U

Class

Inorganics
Palagonite (HWMK101)

Natural 

Mixtures
Carrot Root (natural carotene)

Spinach (natural chlorophyll)

532 nm 785 nm

Lowest Detectable Concentration (LOD)

Compound

Carbohydrates
Trehalose

Coenzymes
Nicotinamide

Porphyrins
Protoporphyrin IX

Hemin

Nucleobases
Adenine

Guanine

Cytosine
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Steranes
5ɑ-Cholestane

Pigments
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On the contrary, some other molecules show an increase in their SNR at low temperatures. Most 

notably, the SNR of carotenoids can increase 2-3 fold at cryogenic temperatures at either 

excitation and depending on the band, the SNR of porphyrins can increase up to 310% at 532 nm. 

While this would still not accomplish the LODs required for the general detection of biosignatures 

on Europa, it could greatly enhance the chances of detection in case a localized higher density 

deposit of biomolecules was found and targeted.  
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Chapter 9 Detection Limits: Overall Detectability and 

Instrument Design Considerations 

Important limitations associated with the detection of biosignatures on Europa were explored and 

their impact was described in detail in previous chapters, however, a couple of overarching 

principles and trends need to be considered. Please note that some of these results have been 

presented and discussed in peer reviewed journal articles arising from this research work, the 

references are provided here [310], [311]. 

Fluorescence is a notorious challenge for the detection of biogenic material using Raman 

spectroscopy and is a critical factor for the excitation wavelength selection, however, many high 

importance target molecules are identifiable across all excitation wavelengths tested in this study 

(from UV to NIR). The 785 nm excitation clearly outperforms visible and UV excitations in reducing 

the fluorescence interference in the spectra, nevertheless, it also generates a much lower Raman 

signal. While theoretical estimates show that neither one of the tested excitations could detect 

molecules at a concentration required for the detection of life on Europa, the NIR excitation 

would struggle to detect biomolecules even at the much higher concentration predicted for the 

Martian regolith [61]–[64]. At 532 nm, many of the examined target molecules could be 

detectable in the Martian regolith, if not on Europa. For biosignature detection on Europa or 

other Icy Worlds, both 532 nm and 785 nm would need to be used in conjunction with SERS.  

While calculations of the theoretical lowest concentration detectable at DUV or UV excitations 

were not within the scope of this study and this needs to be confirmed in future work, it is 

unlikely that DUV or UV excitation alone would be capable of detection at such low 

concentrations as required on Europa. It is also important to note that theoretical predictions of 

the lowest detectable concentrations of the target molecules indicate that resonance experienced 

by some molecules, such as carotenoids, is also not sufficient to achieve the required LOD for life 

detection on Europa. 

Only a couple of very photosensitive molecules such as pigments and porphyrins showed 

susceptibility to laser damage, another limitation of Raman spectroscopy, at visible and NIR 

excitations. At the UV 325 nm excitation, most molecules yield to laser damage at higher power, 

however, the effects of the sample degradation due to the laser damage were not as severe as 

expected. While a full dataset at 325 nm could not be obtained, measurements at this excitation 

allowed the detection of most traditional biosignatures for life detection, e.g. amino acids, in 

many cases even despite the laser damage.  
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Furthermore, it was shown that for photosensitive samples, the laser damage threshold increases 

significantly at cryogenic temperatures thus allowing either a much higher Raman signal or even 

identification of previously unresolvable molecules. This could be a very desirable side effect of 

the extreme low temperatures on Europa as it could potentially allow the detection of very 

sensitive molecules or intensify the Raman signature. Likewise, it is possible that the destructive 

nature of DUV and UV excitations could be mitigated at least to a certain extend by the extremely 

low temperatures on Europa, which could enable the detection of molecules not resolvable at 

visible or NIR excitation as well as a better LOD.  

In general, cryogenically induced changes in the spectra of molecules could be critical for the 

detectability of the molecules. While the profile of the Raman shift change as well as the change 

in the Raman band width proved to be fairly consistent among most molecules and most Raman 

bands, there were also numerous exceptions and many other effects were found to be highly 

specific to each molecule. The occurrence of new bands or diminishing of existing bands as well as 

changes in the Raman signal strength were particularly unpredictable and no common trend was 

found. This is particularly concerning as all of these effects could greatly impact the detectability 

and identifiability of the target molecules. Particularly, while most molecules showed an 

exceptional increase in the signal strength at low temperatures, some others, such as 

nucleobases, showed a significant decrease in the signal strength.  

It is important to note that similar effects such as observed at cryogenic temperatures, e.g. 

shifting of Raman bands and variable signal strength, can also be caused by other factors. Similar 

effects can be the result of partial degradation of molecules, as shown in the data monitoring 

laser damage, or the interaction with a matrix or a solution that examined molecules are 

imbedded in, as observed in Raman spectra of naturally occurring carotenoids and chlorophyll. 

On the other hand, some effects of the cryogenic temperatures proved to be highly ubiquitous. 

Namely, a significant decrease in the Raman band width as well as in the variance between 

individual measurements was recorded in the spectra of all target molecules. This makes 

measurements at cryogenic temperatures both more precise and more accurate, which could be 

useful for many other applications besides the exploration of Icy Worlds. The only exception to 

this rule were fluorescent molecules, which showed an increase in the measurement variability at 

low temperatures. This is partly associated with the significant increase in the fluorescent 

background in fluorescent molecules which occurred in all fluorescent molecules except for highly 

photosensitive molecules. The SNR of photosensitive molecules increased at low temperatures 

even despite being fluorescent. This is the result of the higher signal at low temperatures due to 

laser damage reduction counter balancing and outperforming the cryogenically induced increase 
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in the fluorescence. Nevertheless, while some photosensitive molecules, such as porphyrins or 

carotenoids, are somewhat immune to this effect, the rise in the fluorescent at low temperatures 

can pose a serious issue for life detection on Europa. Not only because in many cases the much 

higher fluorescence overshadows the Raman signal of a molecule all together but also because it 

seems to introduce higher variability in the measurements. This makes many computational 

fluorescence mitigation techniques either less reliable or completely ineffective, e.g. any baseline 

subtraction techniques or methods based on statistical data analysis.  

Another common and potentially very helpful trend observed in the data was the link between 

the absolute maximum change in the Raman shift from room temperature to cryogenic 

temperatures and the complexity of the molecule. The results indicate that Raman measurements 

of smaller, shorter or otherwise structurally less complex molecules generate much higher 

changes in the Raman shift at cryogenic temperatures. This is quantified in Table 9-1 for the set of 

target molecules examined in this study. The table shows the Raman shift change from 22 °C 

to -196 °C in descending order together with the molecular structure of each target molecule. It is 

evident from the table that molecules with longer chains, a higher number of side chains or 

groups or aromatic molecules induce much lower changes in the Raman shift. Interestingly, Table 

9-1 also suggests that while aromatic molecules generate lower changes than non-aromatic 

molecules, this only applies for molecules of a similar count of atoms, i.e. chain length. Non-

aromatic molecules with longer molecular chains seem to rank lower than aromatic molecules 

with a similar number of atoms. The only exception to the observed trend is hemin, which ranks 

rather high despite being a complex aromatic molecule. As already discussed in 7.2, this is most 

likely the result of the low quality room temperature spectra, which may have not allowed 

accurate quantification of the absolute maximum change in the Raman shift at cryogenic 

temperatures.  

This trend may be potentially a very useful tool for the identification of molecules on Europa, 

provided that two measurements at two different temperature points are taken, as it could 

provide more information on the molecule’s overall structure and structural complexity. 

However, as shown in Table 9-1, shifts in the spectrum of up to 25 cm-1 are to be expected for 

simple molecules at cryogenic temperatures. This is a significant change in the position of the 

Raman band and could severely affect the identifiability of the molecule. Particularly, these 

radical changes in the spectra could lead to misidentification if reference spectra collected at 

temperatures analogous to Europa are not available. Unfortunately, some of the most important 

high priority biosignatures are relatively very simple molecules, e.g. amino acids and nucleobases. 
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R
an

k 
Maximum 
Change in 

the Raman 
Shift from 

22 °C 
to -196 °C 

[cm-1] 

Molecule Molecular Structure 

1 24.97 Glycine 

 
2 18.78 Alanine 

 
3 13.66 β-Alanine 

 
4 11.82 Nicotinamide 

 
5 11.26 Hemin 

 
6 11.22 Ectoine 

 

7 10.23 Uracil 

 

8 9.86 Cytosine 

 
9 8.79 Histidine 
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10 8.29 Pristane 

 
11 8.01 Adenine 

 
12 7.99 Tyrosine 

  

13 7.95 Tryptophan 
 

 
14 7.86 Thymine 

 
15 7.32 Protoporphyrin 

IX 

 
16 6.81 Glutamic Acid 

 
17 6.63 Guanine 

 
18 5.67 β-Carotene 
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19 5.63 Astaxanthin 

 
20 4.29 Squalane 

 
21 3.87 5α-Cholestane 

 
22 3.84 Palmitic Acid 

 
23 3.3 RNA 

 
* Example with guanine 

24 3.28 Spinach Leaf 
(natural 
chlorophyll) 

 
*in a tissue matrix 

25 3.18 Trehalose 

 
26 3.1 C-Phycocyanin 
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27 1.94 Carrot Root 
(natural 
carotene) 

 
*in a tissue matrix 

Table 9-1 The maximum change in the Raman shift observed in the spectra of the examined target 

molecules from room temperature to -196 °C ranked in descending order and 

including the molecular structure 

Likewise, a link between the type of vibrational modes associated with Raman bands and the 

change in their Raman shift at extreme low temperatures was identified. Bands associated with 

stretching vibrations, out of plane deformation of a ring or vibrations including inner atoms of a 

molecule were found to be more likely to shift to lower frequencies at low temperatures or shift 

to higher frequencies by only a small amount compared to bands assigned to other vibrational 

modes. On the contrary, bands that shift to a significantly higher frequency at lower temperatures 

are more likely to be associated with vibrations that are relatively less constrained within the 

molecule, that is, vibrational modes including the extremities of a molecule, such as its side 

chains, outer atoms and groups, or vibrations including most or all of the molecule’s main chain 

and in plane bending within a ring. 

This link offers an exciting new method of molecule identification solely based on the comparison 

of spectra collected at two different temperatures, and could greatly improve the identification 

capabilities in Raman spectroscopy for a wide array of applications besides the exploration of 

Europa. This also indicates that taking two separate Raman measurements of the same sample at 

two different temperature points could offer very valuable information for the exploration of 

Europa and analysis of samples with an unknown composition. Indeed, this study shows that the 

relative change in the Raman shift between measurements at different temperatures could also 

help distinguish between two very similar molecules, such as isoprenoids or carotenoids, that 

otherwise yield very similar spectra. The results also indicate that the relative difference between 

the cryogenically induced changes in the Raman shift could potentially provide more information 

on the solution or matrix that the examined molecules are imbedded in, potentially even the 

orientation or bonding of the atoms. This could be a very valuable tool for the identification of 

molecules and characterisation of samples in general, not just for life detection on other planets. 

Another very important parameter to consider for a design of a Raman instrument is the peak-to-

peak distance between Raman bands in the spectra of target molecules, particularly for bands 

that are important for the identification of the molecule. This has a direct impact on the required 
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spectral resolution. A summary of the minimum peak-to-peak distance recorded in the spectra of 

the target molecules at 22 °C, -100 °C and -196 °C is provided in Table 9-2. 

 Compound Priority 

Minimum Peak-to-Peak Distance 
[cm-1] 

22 °C -100 °C -196 °C 

Amino Acids 
  
  
  
  

Alanine B 21.1 21.5 22.4 

Glutamic Acid B 20.9 19.3 17.6 

Glycine A 16.0 17.1 16.8 

Histidine A 12.4 13.9 14.8 

Tryptophan C 18.8 17.4 16.6 

Tyrosine C 17.6 17.9 16.8 

β-Alanine D 14.2 13.2 12.6 

Carboxylic 
Acids 

Palmitic Acid A 28.0 23.5 26.2 

Ectoine A 21.2 21.8 22 

Isoprenoids 
  

Pristane B 23.1 21.2 21 

Squalane C 17.1 21.1 20.6 

Carotenoids 
  

β-Carotene A 21.0 21.0 22.0 

Astaxanthin B 29.8 29.0 24.3 

Steranes 5α-Cholestane B 9.9 10 10.9 

Pigments 
  

C-Phycocyanin C 259.3* 258.5* 260* 

Chlorophyll A B U U U 

Nucleic Acids 
  

DNA A U U U 

RNA C 51.3* 53.7* 53.7* 

Nucleobases 
  
  
  
  

Adenine B 39.2 39.4 38.8 

Guanine B 27.0 22.8 22.0 

Cytosine B 26.1 17.6 12.3 

Thymine B 25.0 25.3 25.5 

Uracil B 21.3 19.4 19.4 

Carbohydrates Trehalose A 18 18.8 19 

Coenzymes Nicotinamide A 37.8 36.7 36 

Porphyrins 
  

Protoporphyrin IX A 24.8 20.8 18.1 

Hemin A 30.9 14.1 12.7 

Inorganics Palagonite (HWMK101) NA NA NA NA 

Natural 
Mixtures 

Carrot Root (natural 
carotene) 

NA 
149.5* 151.2* 152.1* 

Spinach Leaf (natural 
chlorophyll) 

NA 
152.4* 153.8* 154.1* 

Table 9-2 Minimum peak-to-peak distance in the spectra of the examined biosignatures at various 

temperatures. The values are similar for 532 nm and 785 nm and the lower value was 

chosen in this table. U denotes molecules that were undetectable and the minimum 

peak-to-peak distance could not be determined. * denotes molecules where high 

fluorescence may have restricted the number of visible peaks and the shown value is 

only based on the detectable bands in the spectra.  
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The table shows that the peak-to-peak distance may not always change to any significant extend 

at cryogenic temperatures and in many cases may even increase due to the band frequency shifts. 

However, the results also show that the required spectral resolution for some target biomolecules 

may be much higher than the previously estimated 16 cm-1 [46]. As discussed prior in this study, 

the resolution required for the identification of some molecules may be as high as 3-6 cm-1. 

Furthermore, much higher spectral resolution may be necessary to resolve molecules in mixtures. 

This specifically applies to molecules that routinely occur in nature in mixtures of other molecules  

 Compound Required Spectral Range [cm-1] 

Amino Acids 
  
  
  
  

Alanine 130-1630 

Glutamic Acid 150-1700  

Glycine 150-1600 

Histidine 120-1600 

Tryptophan 100-1640 

Tyrosine 100-1650 

β-Alanine 120-1680 

Carboxylic Acids 

Palmitic Acid 140-3000 

Ectoine 100-3000 

Isoprenoids 
  

Pristane 800-2980 

Squalane 800-2980 

Carotenoids 
  

β-Carotene 990-1600 

Astaxanthin 950-1550 

Steranes 5α-Cholestane 400-2980 

Pigments 
  

C-Phycocyanin 200-1700 *[354] 

Chlorophyll A 700-1700 *[355], [356] 

Nucleic Acids 
  

DNA 400-1800 *[357], [358] 

RNA 600-1800 *[359] 

Nucleobases 
  
  
  
  

Adenine 100-1650 

Guanine 150-1700 

Cytosine 100-1680 

Thymine 130-1700 

Uracil 100-1750 

Carbohydrates Trehalose 340-3020 

Coenzymes Nicotinamide 100-1700 

Porphyrins 
  

Protoporphyrin IX 700-1700 

Hemin 700-1700 

Inorganics Palagonite (HWMK101) 1000-2500 

Natural Mixtures Carrot Root (natural carotene) 950-1550 

Spinach Leaf (natural chlorophyll) 700-1700 *[355], [356] 

Table 9-3 Spectral range required for the identification of the examined target molecules, 

* denotes molecules where the required spectral range could not be determined 

from the experimentally obtained spectra and literature available to date was used  

instead 
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of the same molecular species and with a similar molecular structure, such as nucleobases or 

amino acids. In this case, the required spectral resolution may be as high as 2 cm-1. Considering 

the spectral resolution of the state-of-the-art instruments as described in 2.3.4, this may prove to 

be an important engineering challenge for the development of a Raman instrument for life 

detection on Icy Worlds. 

Lastly, the Raman signature of the target molecules also directly translates into the required 

spectral range, which is another important instrument design parameter. The spectral range 

required for the identification of the examined target molecules is shown in Table 9-3. For 

molecules that were undetectable or where the experimentally obtained spectra was severely 

affected by fluorescence or laser damage, data available in literature published to date were used 

to determine the required spectral range.
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Chapter 10 Instrument Design and Requirements 

Based on the experimental results from Chapter 6 to Chapter 9 as well as the mission constraints, 

requirements and goals outlined by the Europa Lander Report [19], [26] and other limitations 

discussed in literature to date, this chapter summarises the key instrument design requirements 

for a Raman spectrometer adapted for the exploration of Europa. The design requirements are 

then discussed in terms of the available technology and Raman techniques in Section 10.2, which 

highlights the critical design parameters that need to be considered for the development of a 

Raman instrument compatible with a landed mission to Europa and its scientific goals.  

Based on the assessment of the key design parameters, potential instrument designs that meet 

the identified requirements are derived and discussed in Section 10.3. The experimental results 

defining the detection limits together with the assessment of target molecules and mission 

constraints are also used to discuss and identify the optimal measurement method for Raman 

instruments aiming to explore Europa, as discussed in Section 10.4.  

The assessment of the key design parameters, as well as the optimal instrument design and 

measurement method, alongside a review of the available technology and technology readiness 

level of contemporary Raman spectroscopy techniques form the basis of Section 10.5. The section 

highlights the key enabling technology and limitations in contemporary Raman spectroscopy 

critical for the development of a Raman instrument for the detection of biosignature on Europa, 

and identifies areas for future research and development. 

10.1 Requirements 

This section outlines the design requirements for a Raman spectrometer optimised for the 

detection of biosignatures on Europa. Mission goals and constraints derived from the NASA’s 

Europa Lander mission concept [19], [26] and other limitations discussed in literature to date are 

considered alongside the results of the experimental study described in Chapter 6 to Chapter 9. 

Please note that high level mission requirements or qualification requirements, such as the 

mechanical loads or the radiation environment, are not within the scope of this work. While 

equally important, only key instrument design requirements derived from the scientific goals and 

objectives of the mission are discussed here.  
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10.1.1 Detectable Molecules 

A rough outline of the target molecular species for the Europa Lander is provided in the Europa 

Lander Report and includes amino acids, carboxylic acids, lipids, and other molecules of potential 

biological origin (biomolecules and metabolic products) [19], [26]. In this study, a detailed 

assessment of potential target molecules for the detection of life on Europa and their relative 

priority is provided in Chapter 4. A comprehensive overview of the target molecules and their 

priority is shown in Table 4-2, Table 4-3, Table 4-4 and Table 4-5 in Section 4.3. 

10.1.2 Mass & Size 

Perhaps the most important requirement for an instrument aiming to explore the distant moon 

Europa is the size and mass. According to the design of the Europa Lander that is currently under 

development by NASA, which would carry the scientific instruments, an approximate instrument 

mass allocation of 5.4 kg has been assigned to smaller analytical instruments, including the 

baselined vibrational spectrometer [22], [26]. The preliminary example volumes and locations 

assigned to individual instruments inside the lander vault are shown in Figure 10-1. Instrument 

 

Figure 10-1 Instrument volume example allocation according to the Europa lander concept study 

[22] 



Chapter 10 

207 

boxes B and C correspond to smaller analytical instruments such as a Raman spectrometer. These 

values only serve as an approximate guidance as the final allocations will be to a certain degree 

dependent on the chosen instruments [22]. However, it is unlikely that these requirements can 

me relaxed by a significant amount. 

10.1.3 Sensitivity (Limit of Detection) 

The Europa Lander mission study proposes the required detection limit for organics in the 

Europan soil of 1 picomole per gram of the sampled material and LOD for vibrational spectroscopy 

as low as 1 nM (i.e. 0.1 ppb) [19]. For vibrational spectroscopy specifically, the Europa Lander LOD 

minimum requirement is a concentration by mass at least in the order of parts per thousand 

(ppth) [26]. Considering that the high-level science goal of the mission is “the detection of 

biomolecules at compound concentrations as low as 1 picomole in a 1 gram sample” (i.e. 1 nM or 

0.1 ppb) [26], this is a practical requirement relaxation resulting from the LOD limitations of 

currently available instruments. As already discussed in Section 2.3.3 and 2.3.4, traditional Raman 

spectroscopy is not capable of 0.1 ppb detection and neither are any of the current state-of-the-

art Raman instruments for planetary exploration. 

However, research conducted to date indicates that the concentration of organics in the Europan 

ice is in the order of ppb and as low as 0.01 ppb [9], [19], [23]. As such, instruments with a ppth 

LOD, as recently proposed by the Europa Lander study [26], may not be able to detect 

biosignatures on Europa at all unless a specific higher concentration deposit or colony is found 

and targeted. While this is a potentially viable detection method, it relies on the presence of these 

higher concentration deposits of biogenic materials, which is a noteworthy challenge of its own. 

Thus, in order to ensure successful detection of any biogenic material that may be present in the 

Europan ice, the instrument LOD must be in the order of ppb as suggested by research conducted 

to date. 

10.1.4 Spectral Resolution 

The Europa Lander mission guidelines state that the model vibrational spectrometer should have 

a spectral resolution of at least 6 cm-1 [26]. Previous studies estimated the required spectral 

resolution for unambiguous identification at ambient temperature to be 16 cm-1 for organic 

compounds and for most minerals 8 cm-1 [46]. Other sources cite a spectral resolution of up to 

30 cm-1 as sufficient for planetary mineralogy and microbiology [360]. No sources available to 

date discuss how the spectral resolution requirement may change at cryogenic temperatures. 
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However, as shown in this study, much higher spectral resolution may be needed for 

unambiguous identification of the target biosignatures, especially if present in a mixture of 

compounds with potentially interfering Raman bands.  

Table 9-2 in Chapter 9 shows the minimum peak-to-peak distance at 22 °C, -100 °C and -196 °C in 

the spectra of the target molecules examined in this study. The peak-to-peak distance in the 

spectra of the target molecules drives the spectral resolution requirement and can be an 

approximate measure to compare the required spectral resolution between individual molecules. 

However, other factors further to the minimum peak-to-peak distance between adjacent bands 

need to be considered to determine the required spectral resolution. These factors include the 

importance of the bands for the identification of the molecules and presence of other signature 

bands that may be used for identification instead, as well as the relative Raman band width and 

intensity of the adjacent bands. Please note that Table 9-2 only includes the minimum peak-to-

peak distance between bands that may be important for the identification of the molecule, minor 

bands or bands that do not affect the identifiability of the molecule were excluded. As shown in 

the table, the minimum distance between bands in most of the target molecules is between 

15-26 cm-1. Considering the relative width and signal strength of the bands, this may translate to 

an average required spectral resolution of 7-17 cm-1. However, the minimum peak-to-peak 

distance in the spectra of many important biosignatures, such as amino acids, nucleobases or 

steranes, is much lower and, as already discussed in Chapter 9, would require the spectral 

resolution of 3-6 cm-1. Likewise, some molecules are very likely to occur in nature alongside other 

molecules of the same molecular species with a similar molecular structure and Raman signature. 

This unfortunately applies to some of the most important biosignatures such as amino acids and 

nucleobases. As discussed in Section 7.1, the required spectral resolution in such a case would be 

much higher as many bands important for the identification of the molecules may be very close to 

one another or overlap. As shown in this study, unless a very high spatial resolution is available, 

the spectral resolution required to identify amino acids in mixtures could be as high as 2 cm-1. 

Considering these results, the spectral resolution required to ensure maximum science return for 

an astrobiology mission to Europa is closer to 2-3 cm-1 than the proposed 6 cm-1. 

Table 9-2 also shows that there are variations across the temperature range, however, there is no 

clear pattern in these variations. While the significant narrowing of the Raman bands observed at 

low temperatures leads to a higher required spectral resolution and relaxes the requirement, 

shifting of the band frequency may increase the spectral resolution requirement (i.e. lower 

required spectral resolution) as adjacent bands move closer to one another. In general, the 

differences in the spectral resolution required for full identification may be 0.5-2 cm-1 across 

temperatures from ambient temperature to -196 °C. This is a relatively small change, however, it 
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should not be neglected, especially if the nominal spectral resolution requirement is already very 

high, e.g. 2-3 cm-1, as required for the identification of biosignatures on Europa. 

10.1.5 Spectral Range 

The Europa Lander mission baselines the required spectral range of 150-3800 cm-1. However, 

results summarised in Table 9-3 in Chapter 9 suggest that many biomolecules may not require the 

full 150-3800 cm-1 spectral range for successful identification. Many important target molecules 

for the search for life on Europa are fully identifiable within the spectral range of 150-1800 cm-1. 

While the full spectral range may be necessary for the detection of water, minerals and some 

other biogenic molecules, which are all also important detection targets for the exploration of 

Europa, the possibility of a reduced spectral range may be an attractive option in case a 

compromise is required.  

10.2 Key Design Parameters 

The following sections discuss the key instrument design parameters for biosignature detection 

on Europa using Raman spectroscopy. The design requirements introduced in Section 10.1 are 

discussed in terms of the available technology and methods as well as key detection limits. The 

results of the detection limits experiments and analysis described in Chapter 6 to Chapter 9 are 

then used to assess the available options and identify the optimal approach. 

10.2.1 Wavelengths Selection 

The laser source excitation wavelength is easily the most important design parameter as it drives 

the design of the entire instrument as well as the detectability of the target molecules with 

implications on the fluorescence mitigation technique and the miniaturization potential of the 

instrument. 

As already discussed in Section 2.3.2, NIR wavelengths are often preferred for the detection of 

biological samples due to the high fluorescence interference typically occurring in the spectra of 

organics at visible excitation. However, this study shows that many of the target molecules are 

also detectable at visible excitations, albeit some only to a limited extent without a suitable 

fluorescence mitigation mechanism. While the results of this study show that fluorescence 

interference as well as its variability increase at cryogenic temperatures, this may not be the 

primary concern for an instrument aiming to detect biosignatures on Europa. The increased and 

more unpredictable fluorescence background call for a robust fluorescence mitigation technique, 

however, a range of potentially suitable and effective techniques is available. This is described in 
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more detail in Section 2.3.2 and 10.2.3. While verification of these techniques is necessary to 

account for the higher fluorescence with higher variability, this may be a minor effort compared 

to raising the LOD of the instrument. 

As shown in this study, the lowest concentration of target molecules that is achievable using 

either visible or NIR excitation is significantly higher than the LOD required for the detection of life 

on Europa. While NIR excitation typically outperforms visible excitations in terms of lower 

fluorescence interference, which was also confirmed in this study, its sensitivity to target 

molecules is much lower than at visible excitation. The predicted lowest concentration detectable 

using a 785 nm excitation shown in this study is much higher than the ppth LOD required by the 

Europa Lander mission [26] for most of the target molecules and only reaches the ppth order for 

astaxanthin. Considering that the ppth concentration requirement may be wildly insufficient as 

the concentration of biomolecules on Europa is estimated to be in the order of ppb or even lower 

[9], [19], [23], the NIR excitation is utterly unsuitable for such a mission unless paired with the 

SERS technique. Furthermore, the SERS signal of most target molecules at NIR would need to be 

enhanced by at least 108 and potentially up to 1011. While such enhancement is possible with 

SERS, it could still be challenging to achieve such enhancement, especially for most of the target 

molecules. This is due to the dependency of the SERS enhancement on the coupling of the 

molecule’s size to the SERS substrate, which may be difficult to achieve for all target molecules 

[149], [150]. Additionally, the SERS signal enhancement at NIR excitations tends to be lower than 

at visible excitation [361], which further restricts the LOD capabilities of NIR Raman systems. 

On the other hand, a visible excitation at 532 nm could potentially detect most target molecules 

at the concentration in the order of ppth, as required by the Europa Lander mission [26], 

however, it is not capable of detection at the ppb level predicted for biomolecules on Europa 

either. However, in this case, the SERS enhancement necessary for the detection of most of the 

target molecules would be only 105 to 108. These are enhancement factors well within the 

capabilities of SERS and could be more achievable across a wider set of molecules than the 

enhancement necessary at NIR. It is also important to note that based on the results of this study, 

the 633 nm excitation offers little to no benefits in terms of molecule detection and fluorescence 

mitigation compared to the shorter 532 nm excitation, which generates a higher Raman signal 

and is thus a better choice. 

While a full experimental study including UV and DUV excitations was not within the scope of this 

research work, the results that were obtained indicate that a DUV excitation may be a suitable 

alternative to the more traditional and widely used visible and NIR excitation. Experiments at 325 

nm presented in this work show that sample laser damage, which is one of the main drawbacks of 



Chapter 10 

211 

UV excitation wavelengths, may not be a critical problem, provided that an appropriate laser 

power setting is selected. This may, however, require further research into the laser damage 

thresholds at DUV excitation for solutions of target molecules in an Europan analogue. 

Furthermore, the results of this study also show that sample damage due to photothermal 

degradation is significantly reduced in solutions or a live tissue matrix as well as at cryogenic 

temperatures. This may significantly increase the sample degradation thresholds of target 

molecules in the Europan ice and allow DUV Raman measurements without significant laser 

damage concerns. However, it is important to note that photodamage, as opposed to 

photothermal damage, could not be investigated in this study and is likely to be a component in 

the sample degradation process at UV excitations. However, while sample degradation concerns 

at UV excitations may not be completely avoided due to photodamage, this study shows that 

photothermal degradation is a significant component of the laser damage observed in Raman 

spectra and can be significantly reduced through cryogenic measurements or in solutions. 

The effect of laser damage at cryogenic temperatures and in low concentrations in water/ice 

needs to be verified experimentally at DUV, however, this may be a relatively minor effort 

considering the benefits of a DUV Raman system. Since the fluorescence and Raman scattering 

signals are well separated below the excitation of 250 nm, DUV excitation allows fluorescence-

free Raman measurements for most organics. Due to the inverse dependence of the Raman signal 

on the excitation wavelength, DUV excitation also yields very strong Raman signals compared to 

visible and NIR excitation. As shown in Section 8.1.2, this is particularly important for the 

detection of biosignatures on Europa, especially since neither NIR nor visible excitations can 

achieve the required LOD. While this could not be confirmed experimentally in this study, the 

lowest detectable concentration of the target molecules is bound to be lower at DUV than at 

visible excitation as the Raman scattering intensity is proportional to λ-4. Additionally, many 

important biosignatures, such as aromatic amino acids, nucleic acids and polyaromatic 

hydrocarbons (PAHs), are resonant in the DUV region, which increases the Raman signal intensity 

even further [130]. Considering the LOD trend at visible and NIR excitation in this study, a DUV 

Raman system should be capable of detection at the concentration of 1 ppth and even much 

lower. For some molecules, detection at concentrations in the order of ppm or even ppb as 

required for life detection on Europa may also be possible even without the use of SERS. 

However, this enhancement may be very specific to molecules resonant in the DUV region, 

particularly those that may also benefit from a signal enhancement at cryogenic temperatures. 

This needs to be experimentally verified, however, considering that any higher excitation 

wavelength would need to be used in a SERS system at the cost of immense additional 

complexity, it may be an effective solution. Additionally, even if the use of SERS is required at 
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DUV, only a relatively minor enhancement will be necessary. However, it is also important to state 

that DUV SERS has not been studied as extensively as visible or NIR SERS and the enhancement 

factors reported to date are lower [132]. 

10.2.2 Sensitivity (Limit of Detection) 

As already mentioned in the previous Section, the sensitivity of the instrument may be the highest 

priority constraint for the design of a Raman instrument aiming to detect biosignatures on 

Europa. This is due to the limited options available for enhancing the instrument’s sensitivity and 

the extremely low concentrations of biomolecules predicted in the Europan ice [9], [19], [23]. 

There are only three viable methods of enhancing the Raman signal intensity and thus reducing 

the LOD of the instrument. These methods include the cryogenically induced signal enhancement 

described in this study, using short wavelength excitation and SERS. 

Firstly, this study reports and describes a significant cryogenically induced enhancement of the 

Raman scattering signal. This is discussed in detail in Chapter 7. However, it only applies to some 

of the target molecules and some other molecules may also show a decrease in the Raman signal 

at cryogenic temperatures. Likewise, the enhancement achievable via cryogenic measurements is 

variable across different molecules and individual bands and it is unlikely to be more than a factor 

of 10. While this is a significant enhancement, it is not enough to reach the ppb level of detection 

required for the exploration of Europa on its own. Having said that, due to the extremely low 

temperatures on Europa, any Raman instrument on Europa will benefit from this signal 

enhancement provided that the sample is presented to the instrument at its native temperature. 

An alternative method of increasing the signal intensity is using a short excitation wavelength. 

Raman scattering intensity is proportional to λ-4, which makes the Raman signal at UV excitations 

much stronger than at visible or NIR excitation. As already mentioned in Chapter 9, this natural 

enhancement of the Raman signal allows DUV Raman systems to detect molecules at much lower 

concentrations than the more traditional visible or NIR excitations. DUV Raman systems should be 

easily capable of detection at the ppth concentration required by the Europa Lander mission and 

for many target molecules for the detection of life on Europa, LODs in the order ppm should also 

be possible. Resonant molecules, especially those that also experience cryogenically induced 

Raman signal enhancement as shown in this study, may even be detectable at a concentration in 

the order of ppb, which is the estimated concentration of biomolecules on Europa [9], [19], [23]. 

However, this applies only to a few target molecules and may still fall short of the required LOD as 

studies show that the concentration of molecules on Europa may be as low as 0.01 ppb [9], [19], 

[23]. Nevertheless, depending on the goals of the mission, a DUV Raman instrument may be an 
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effective solution and a good compromise compared to the alternative SERS approach, which is 

much more complex and requires further technology development. If targeting only a selected 

number of resonant biosignatures is sufficient to fulfil the mission’s goals or if higher 

concentration biosignature deposits are found and targeted instead, a DUV Raman may be a very 

good option to consider. 

Any Raman system with longer excitation wavelengths will need to use SERS in order to achieve 

the required LOD in the order of ppb. The SERS technique and most recent SERS technology 

advances in terms of planetary exploration have already been discussed in Section 2.3.3. SERS is 

the only Raman signal enhancement method that allows enhancements by a factor of 107 to 1011 

[132], [133] as is potentially required to detect biosignature on Europa at the visible to NIR 

excitations. As already mentioned in the Section 2.3.3, traditional SERS substrates, although 

allowing SERS instruments to collect Raman spectra at very low concentrations and without 

fluorescence interference, are not compatible with long duration spaceflight and planetary 

applications. This is due to the short shelf-life of SERS substrates but also due to the inherent 

variability of SERS spectra depending on the material and surface geometry of the substrate as 

well as the location within the substrate and the size coupling of the target molecule to the 

surface geometry [132], [133], [138], [139], [141], [146]–[150]. However, recent advances in the 

SERS technology previously described in Section 2.3.3 could allow this technique to be considered 

for future planetary missions.  

Particularly, the proposed in-situ activated SERS substrate concept [146], [158] in a combination 

with a nanostructured SERS substrate could be a very powerful solution capable of highly 

consistent and reproducible Raman measurements even years after manufacture [143], [152], 

[153]. Nanostructured SERS substrates can be designed with an extremely even and controlled 

surface geometry and thus produce more consistent Raman spectra [152], [153]. Furthermore, a 

nanostructured quartz or sapphire substrate would be much less prone to degradation over time 

in vacuum than traditional silver or gold nanoparticle substrates. However, it is important to note 

that nanostructuring glassy materials, such as quartz or sapphire, is not a trivial task as the surface 

is too smooth for direct writing lithography methods such as electron beam [362]. A more 

sophisticated lithography process including multiple-step methods such as the reactive ion 

etching technique will be necessary. An example of a reactive ion etching lithography process for 

high aspect ratio nanostructuring of glass surfaces is shown in Figure 10-2 [362]. 

The layer of precursor AgCl nanoparticles can be either coated directly onto the nanostructured 

surface or imbedded in a sol-gel matrix [363], which would provide further protection from the 

outside environment. Although not tested as a nanostructured substrate, in-situ activated sol-gel 
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substrates impregnated with AgCl nanoparticles have shown promising results and could also be 

re-activated multiple times [363]. The AgCl impregnated sol-gel matrix can be either coated onto 

an already nanostructured substrate or coated on a smooth substrate and nanostructured 

directly. This is shown in Figure 10-2. The precursor AgCl particles are then activated in-situ either 

via a LED source or the Raman laser itself [146], [158], which does not require any additional 

equipment or mechanisms. 

 

Figure 10-2 Lithography process for high aspect ratio nanostructuring of glassy substrate material 

[362]. (b), (c) and (d) show cross section of the three proposed methods of combining 

AgCl in-situ activated SERS with a nanostructured substrate surface  

However, this method requires throughout testing and verification in order to achieve the 

required TRL and further development is needed to optimize the method for life detection on 

Europa. Firstly, the in-situ activated SERS substrates have not been used in combination with a 

nanostructured SERS substrate to date and optimisation of the surface geometry and nanoparticle 

size is a critical step towards TRL 4. Specifically, optimisation of the geometry and nanoparticle 

size to the target molecules for the search for life on Europa is critical to ensure successful 

detection. Likewise, the lifetime of glass/fused silica nanostructured SERS substrates has not been 

experimentally verified yet. The impact of prolonged storage of AgCl coated substrates in vacuum 

has also not been defined. Further research is also necessary to confirm the ideal activation 

exposure. 

It is also important to note that this concept is best tailored to a Raman system with an excitation 

at 532 nm. The signal enhancement using silver nanoparticles is less efficient at NIR excitations 

[361]. Likewise, SERS active materials such as silver or gold in the visible to NIR region are not 

SERS active in the UV region [132]. In fact, adapting SERS to UV Raman spectroscopy has been 

particularly challenging due to issues with finding materials that are SERS active in the UV 

excitation [132]. Among the materials tested to date, Al substrates show promising results [132], 
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[143]–[145], however, further research is necessary to optimise the signal enhancement in the UV 

region.  

Lastly, while reproducible and consistent measurements are potentially possible with 

nanostructured in-situ activated SERS substrates, SERS spectra may still differ significantly to 

traditional Raman spectra of the same molecule. As such, reference SERS spectra of target 

molecules collected using the nanostructured in-situ activated SERS method described above are 

necessary to allow full and unambiguous data analysis. 

10.2.3 Fluorescence Mitigation  

A wide range of fluorescence mitigation techniques has been proposed to date and a summary of 

the available techniques is provided in Section 2.3.2.  

Based on the results of this study that show increased fluorescence background and its variability 

at cryogenic temperatures, it becomes obvious that any computational methods relying on 

baseline subtraction, such as baseline estimation using wavelet transformation [105], principal 

component analysis [106], and polynomial curve-fitting [107], would be ineffective for a mission 

to Europa or any other Icy World. The fluorescence increase and higher variability of the 

fluorescent background require a robust fluorescence mitigation technique that does not rely 

solely on statistical calculations of the baseline or repeated measurements without changing any 

physical parameters. 

Time-gating, or fluorescence quenching as implemented on the RLS instrument [51], could be a 

powerful fluorescence elimination tool for biosignature detection even at very low temperatures 

analogous to Europa. As already described in Section 2.3.2, time-gating exploits the instantaneous 

character of Raman scattering as opposed to fluorescence, which occurs in picoseconds to 

milliseconds after the Raman signal [90], [112], [113]. While temporal dependence of the 

fluorescence effect on cryogenic temperatures was not within the scope of this study and is yet to 

be confirmed experimentally, no significant changes are expected. This is because the source of 

the fluorescence increase is the reduction of radiationless decay and extra energy heat loss due to 

the reduced number of collisions as the movement of molecules is impeded at lower 

temperatures, which is not a temporal effect.  

Furthermore, compact single photon avalanche diode arrays (SPAD arrays) are capable of 

nanosecond time gating, which allows the use of time-gating in planetary sciences where 

traditional streak cameras used for the purpose do not meet the mass and size requirements [90], 

[100], [101]. Nevertheless, while time-gating could be a highly effective method, it has not been 
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able to completely avoid fluorescence. This is because organics, where fluorescence occurs after 

sub-nanosecond intervals from the excitation, have proven to be problematic to resolve with 

current SPAD arrays [90], [112]. It is important to note that this is a relatively minor issue 

compared to the benefits of time-gated Raman instruments, however, further development is 

necessary to enable fluorescence elimination for all molecules. 

Alternatively, the SSE fluorescence mitigation technique, although based on computational 

subtraction of the fluorescence background which relies on repeated measurements and statistics 

to a certain extend, has shown to be very effective in eliminating the fluorescence effect [108], 

[109]. This technique was already introduced in Section 2.3.2. It relies on processing a set of raw 

spectra of a sample collected repeatedly over a number of slightly shifted excitation frequencies, 

e.g. 1 cm-1 apart [108], [109]. Most recently, the technique was also shown to be effective even at 

low temperatures [364]. This makes SSE a very capable fluorescence mitigation technique for the 

exploration of Europa. However, it is also important to note that this method requires a precise 

control of the laser source wavelength, which requires the use of tunable laser sources with a 

sufficiently narrow spectral linewidth. This introduces additional complexity to the instrument 

design and may be restricted by the currently available laser source technology. 

An alternative approach to fluorescence elimination is a multiline Raman system. This method 

combines two or more excitation wavelengths in order to collect spectra without fluorescence 

noise. This method is also described in more detail in Section 2.3.2. One of the main advantages 

of this method is that it enables the collection of spectra at multiple excitations, which could, 

besides fluorescence mitigation, also provide more information on the composition of the sample. 

This could be particularly beneficial for complex samples with many unknown constituents. 

However, while multi-line Raman systems could be very effective, the technology is significantly 

more complex and at much lower TRL compared to other fluorescence mitigation techniques. As 

such, a significant level of further development is necessary for multiline Raman systems to be 

considered for planetary exploration. 

Lastly, it is also important to mention that SERS, which was already discussed in Section 10.2.2, 

also reduces the effect of fluorescence in Raman spectra as it enhances the signal strength 

beyond the fluorescence baseline. Implementation of SERS for a mission to Europa as well as its 

drawbacks and any required future development were already discussed in the previous section 

(Section  10.2.2). Likewise, fluorescence can also be eliminated by using a DUV excitation, at 

which the Raman signal and fluorescence are well separated. The use of DUV excitation has also 

already been discussed in terms of biosignature detection on Europa in Section 10.2.1 and 10.2.2. 
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10.2.4 Miniaturization 

The allocated volume and mass as described in Section 10.1.2 is a rather challenging constraint 

considering the size of the state-of-the-art instruments for planetary exploration. According to the 

official NASA records, SHERLOC, a DUV Raman spectrometer recently launched on the 

Perseverance rover, has the volumetric envelope of 26.0 x 20.0 x 6.7 cm, and SuperCam, a visible 

excitation Raman spectrometer also launched with the Perseverance rover, 38 x 24 x 19 cm. While 

the total mass of SHERLOC is 4.72 kg, which would fit the allocated mass budget, the instrument is 

still much larger in size than the allocated volume. The total mass of SuperCam is 10.6 kg and 

while the SuperCam instrument suite includes multiple integrated instrumental techniques, it is 

much larger and heavier than the allocated budget for a mission to Europa. It is also important to 

note that both of these instruments are flown space grade instruments that have already been 

miniaturized for the use in space. Nevertheless, considering the strict requirements of the Europa 

Lander mission and the mass and size parameters of the current state-of-the-art Raman 

instruments for planetary exploration, further miniaturization is necessary to enable the 

exploration of Icy Worlds using Raman spectroscopy. Naturally, this is not a trivial task as 

miniaturization of Raman instruments typically involves a trade-off between the size and the 

performance of the instrument, i.e. spectral resolution, spectral range and the throughput, which 

affects the signal strength. 

The mass and size of Raman instruments are driven by a number of factors including the size of 

the laser source, the spectrometer itself, as well as the individual optical components within the 

spectrometer. The miniaturization potential of the laser source depends on the required 

excitation wavelength. While compact microchip diode lasers are commercially available in the 

visible to NIR spectrum and have been widely used for miniaturized Raman instruments, UV laser 

technology has not quite caught up with the more widely used visible and NIR sources. UV lasers 

tend to be bulkier and more expensive, which makes visible and NIR excitations more favourable 

for planetary exploration. However, it is also important to note that the UV laser technology is a 

fast-paced industry and recent advances now allow the development of much smaller UV lasers 

with sufficiently narrow linewidth and Raman-compatible stability. Compact microchip DUV lasers 

that could be used as a Raman excitation source are now also available, although still at a steep 

cost. 

The size of the spectrometer is a much more complex issue as it involves physical constraints 

associated with the optical path of the instrument. One of the key parameters in the design of the 

spectrometer is the focal length of the mirrors or lenses. The focal length can be minimized by 

either decreasing the length of the detector or increasing the gratings groove density. Increasing 
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the groove density of the grating also increases the spectral resolution. However, higher grating 

groove density also decreases the spectral range, which is a high-level design parameter that is 

not variable as it stems from the scientific goal of the instrument. As such, the spectral range 

limits the highest allowable groove density of the gratings and the miniaturization potential of the 

instrument. 

On the other hand, decreasing the length of the detector also decreases the number of pixels, 

which in turn decreases the spectral resolution. The spectral resolution is also a high-level design 

parameter that is not variable and thus drives the number of pixels required and the detector 

width. It is also important to note that the required spectral resolution also limits the focal length 

as a longer focal length allows a wider separation of light, which leads to higher spectral 

resolution.  

The spectral resolution is also driven by the slit size with smaller slit sizes providing higher spectral 

resolution. On the other hand, a small aperture also limits the throughput which in turn leads to a 

lower Raman signal. However, shorter excitation wavelengths can be coupled with smaller 

apertures as they naturally produce a much higher Raman signal. This can be to a certain extend 

used to compensate for shorter focal length and its impact on the spectral resolution. However, 

the signal strength is one of the most important parameters for the detection of biosignatures on 

Europa and as such, a trade-off between the spectral resolution and signal strength as well as the 

size of the instrument is necessary. This somewhat restricts the miniaturization potential of 

Raman instruments. 

Alternatively, a less traditional spectrometer design can be used to achieve a highly compact 

Raman instrument with high spectral resolution, sufficiently wide spectral range, as well as high 

throughput. One such design is a Spatial Heterodyne Spectrometer (SHS). The SHS evolved from 

the Michelson interferometer but the scanning and fixed mirrors are replaced by stationary 

diffraction gratings in the SHS. A basic design of a Spatial Heterodyne Raman Spectrometer is 

shown in Figure 10-3. The scattered light from the sample is split into two beams by a beam 

splitter. The two beams are then dispersed onto two diffraction gratings. Dispersed from the 

gratings, the two beams interfere and produce an interferogram, which is then analysed using 

Fourier transform. This retrieves the original signal that enters the SHS.  

While the technology is relatively young and mostly restricted to research centres with no wide 

commercial availability yet, it has been successfully demonstrated a number of times with very 

promising results [333], [365]–[370].  SHS Raman instruments do not include any moving parts, 

which makes the design very robust. The SHS design also allows a much wider aperture than in 

traditional spectrometers, which allows high throughput and consequently much higher signal 
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strength. Simultaneously, SHS also offers high spectral resolution and spectral range without 

limiting the throughput. The spectral resolution in a Spatial Heterodyne Raman Spectrometer 

(SHRS) is only limited by the gratings and the spectral range by the number of pixels on the CCD 

[370]. This makes SHRS much smaller compared to traditional Raman instruments with similar 

parameters.  

For its many merits, SHRS is ideal for planetary exploration and could enable the development of 

a highly miniaturized Raman instrument at no cost of spectral resolution, spectral range nor signal 

strength. Nevertheless, it is also important to note that there are also a few drawbacks of the 

SHRS method that need to be considered. Namely, apart from the lower TRL compared to 

traditional Raman instruments, SHS Raman systems are demanding instruments in terms of data 

processing due to the interferometer data conversion required to retrieve the original signal. 

 

Figure 10-3 Working principle of a Spatial Heterodyne Raman Spectrometer [366] 

10.3 Design 

Based on the experimental results of this study, mission requirements based on the NASA Europa 

Lander study and instrument considerations discussed in Section 10.2, the following section 

identifies two promising instrument designs compatible with a lander mission to Europa. The 

proposed instrument designs are described in detail and compared in Table 10-1. The table 
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includes a description of the main design features and parameters, technology readiness level 

assigned, limitations, as well as the advantages and disadvantages and areas for future 

development. Note that these instrument designs are based on technology and methods at 

various levels of maturity and as such, the technology readiness level was assigned based on the 

maturity of the individual key technological components as well as the level of development 

necessary for an integrated system. The two instrument designs are: 

1. Green Excitation Time-Gated Surface Enhanced Raman Spectrometer using In-Situ 

Activated AgCl Nanostructured SERS Substrate Technology 

2. DUV Spatial Heterodyne Raman Spectrometer 

While the green excitation cannot detect molecules at LODs required for the exploration of 

Europa, it could be a very powerful tool in combination with SERS technology. Novel emerging 

technology based on in-situ activation of precursor AgCl nanoparticles and SERS substrate 

nanostructuring, described in Section 10.2.2, could enable highly reproducible and consistent 

SERS measurements even after years of storage during planetary transfer. The LOD of such an 

instrument would be in the order of ppb or even lower, which comfortably meets the LOD 

requirement for the detection of biosignatures on Icy Worlds.  

Due to the high fluorescence experienced by most organics in the green wavelength region, the 

instrument requires a robust fluorescence mitigation method. While a number of fluorescence 

mitigation techniques are available, time-gating is a highly efficient method that does not require 

much additional mass and size allocation. Time-gating also uses technology that is readily 

available and does not restrict the instrument’s TRL. While some sub-nanosecond fluorescence 

may not be completely eliminated by time-gating, SERS enhancement of the signal may limit the 

impact of the residual fluorescence on the resulting Raman spectra. 

If the fluorescence mitigation is successful, the proposed green Raman spectrometer, as 

described in Table 10-1, should be able to detect and identify most molecules of interest to 

astrobiology, including most minerals. Green excitation Raman spectrometers are also widely 

used and the plentiful availability of compact green lasers compatible with Raman spectroscopy 

makes them relatively easy to miniaturize. With compact laser sources being readily available, the 

major size constraint is the focal length and spectral resolution trade off. While an instrument 

within the size and mass budget of a mission to Europa and with sufficient spectral range and the 

spectral resolution of 4.5 cm-1 should be feasible, a SHS design may be necessary if a higher 

spectral resolution is required.  
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However, while a green Raman on its own is a heritage instrument, the addition of SERS lowers 

the TRL of the concept significantly. SERS technology compatible with planetary exploration is the 

primary limitation of this design in terms of technology availability as well as the TRL. Both the 

AgCl in-situ activated substrate technology and nanostructured SERS substrates have been 

verified experimentally, however, they have not been combined as of yet and further 

development is necessary to optimise this technology. Reference spectra obtained using this SERS 

method will also be required to enable effective data analysis. Other areas for future 

development also include verification of the shelf-life of the substrates or optimisation for various 

sizes of molecules. Lastly, the method of sample deposition and coupling to the substrate cannot 

be neglected as it drives the SERS enhancement and may require an additional complex 

mechanism. 

On the other hand, a DUV SHS Raman instrument could be a relatively simple instrument that 

does not require the complex and underdeveloped SERS technology for the detection of 

biosignatures at low concentrations. The SHS design allows high spectral resolution and range at 

high throughput and in combination with the natural signal enhancement at short excitation and 

resonance signal enhancement for some molecules that are resonant in the DUV region, the 

instrument could be capable of LODs in the order of ppm. For some molecules, LODs in the order 

of ppb may also be possible. While this may not allow the detection of all the target molecules at 

the required concentration for life detection on Europa, many high importance biosignatures such 

as amino acids or nucleobases could be detectable at the required ppb LOD. Furthermore, the 

natural separation of the Raman signal and the fluorescence signal at excitations below 244 nm 

completely eliminates the impact of the fluorescence noise on the spectra without any additional 

fluorescence mitigation mechanisms. Recent advances in the DUV laser technology and the 

resulting compact DUV laser sources in combination with the SHS concept also allow a DUV SHS 

Raman design to meet the required mass and size requirements of a mission to Icy Worlds.  

While the availability of Raman compatible compact DUV sources is still one of the major TRL 

limitations of this instrument design that may also have an impact on the achievable spectral 

resolution of the instrument, the SHS design should allow a very high spectral resolution, 

potentially even as low as 2 cm-1, and the full spectral range of 150-3800 cm-1. Furthermore, 

despite limited availability of compatible compact Raman sources, DUV laser sources compatible 

with spaceflight are available. While further miniaturisation for Europa is necessary, SHERLOC, 

one of the Raman instruments on the Perseverance rover, uses a DUV laser source for Raman 

measurements on Mars.  
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However, the high energy DUV laser could also lead to sample damage and further research into 

the laser damage thresholds is necessary. Furthermore, while DUV hardened optics and detectors 

are becoming increasingly more available, they could still represent a challenge in the near future. 

The higher complexity of the data processing in order to retrieve the original signal entering the 

SHS also needs to be considered. Lastly and most importantly, the DUV SHS Raman instrument 

may still require SERS to achieve the very low LOD required for biosignature detection on Europa, 

which would be a whole new challenge to be addressed. 
 

Green Excitation Time-Gated SERS 
Instrument using In-Situ Activated 
AgCl Nanostructured SERS Substrate 
Technology 

DUV Spatial Heterodyne Raman 
Spectrometer 

Excitation 
Wavelength 

∼532 nm <250 nm 

Signal 
Enhancement 
Method 

SERS using an in-situ activated AgCl 
nanostructured SERS substrate concept 

• natural signal enhancement at a short 
excitation wavelength 

• SHS design allowing a high throughput 
at high spectral resolution and range 

• resonance (for some target molecules 
only)  

Achievable 
LOD 

ppb ppm, potentially ppb for some molecules 
including high importance biosignatures 
such as amino acids and nucleobases 

Fluorescence 
Mitigation 
Method 

time-gating/SERS natural wavelength separation 

Fluorescence 
Mitigation 
Limitations 

Organics, where fluorescence takes 
place after sub-nanosecond intervals, 
may not be resolved with currently 
available SPAD arrays, however, SERS 
may be able to mitigate the effect of 
any fluorescence that is not eliminated 
via time-gating  

none, however, for the best separation 
of the autofluorescence, the laser 
excitation wavelength should be <244 
nm  

Mass and Size 
Compatibility 
to the 
Requirements 
of a Mission 
to Europa 

yes yes 

Main Mass 
and Size 
Constraint 

focal length/spectral resolution trade-
off 

laser source size 

Molecule 
Detectability 

provided that fluorescence mitigation is 
successful in most cases, most target 
molecular species should be 
detectable, although sub-nanosecond 

molecules resonant in DUV (e.g. aromatic 
amino acids, nucleic acids and PAHs) at 
ppb LOD, other target molecules at 
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fluorescence may cause detectability 
issues if present and not mitigated by 
SERS 

higher LODs (but still in the order of 
∼ppm) 

Technology 
Availability 
Limitations 

SERS substrates compatible with 
planetary exploration 

• compact DUV laser source 

• DUV compatible optics and detector 

Complexity while the green excitation Raman 
system on its own is a widely used 
system with space heritage, the time-
gated system including SERS is a 
relatively complex instrument, 
potentially requiring sample handling 
to ensure the sample is coupled to the 
substrate to allow SERS measurements 

relatively simple design is possible 
without any moving parts or additional 
fluorescence mitigation mechanisms 

Spectral 
Resolution 

potentially 4.5 cm-1 [364], higher 
resolution is potentially possible with 
SHS 

∼2 cm-1 potentially possible 

Spectral 
Resolution 
Limiting 
Factor 

focal length/spectral resolution trade-
off 

availability of DUV compatible detector 
and optics 

Spectral 
Range 

full 150-3800 cm-1 range possible full 150-3800 cm-1 range possible 

TRL TRL 2-3 – nanostructured and in-situ 
activated SERS substrate concepts have 
been tested separately, a system 
integrating both only conceptualized 

TRL 3-4 – not tested with a miniaturized 
laser source but SHS Raman instruments 
in the UV region have been successfully 
built and tested 

TRL 
Limitation 

in-situ activated AgCl nanostructured 
SERS  

compact DUV laser source and SHS 
design 

Main 
Advantages 

• very low LOD   

• use of widely available 532 nm laser 
technology which does not require 
custom optics 

• compact laser sources available 

• wide heritage of green excitation 
Raman systems  

• very low LOD without the use of SERS 

• simple fluorescence mitigation via 
natural wavelength separation - no 
need for additional mechanisms or 
processing 

Main 
Drawbacks 

• low TRL of SERS technology 
compatible with planetary 
exploration  

• variability of SERS enhancement 
depending on the target molecule 
size 

• lack of SERS reference spectra 

• SHS design potentially necessary for 
higher spectral resolution 

• requires robust fluorescence 
mitigation technique as most 

• The high energy DUV laser could lead 
to sample damage and further 
research into the laser damage 
thresholds is necessary  

• availability of DUV compatible optics 
and detectors 

• availability of compact DUV lasers 
compatible with Raman spectroscopy 
– DUV microchip lasers available but 
not used in Raman spectroscopy to 
date 
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organics are heavily fluorescent at 
532 nm 

• not all fluorescence may be 
eliminated by time-gating 

• complexity of data processing to 
retrieve the original signal 

• may still require SERS to achieve the 
very low LOD required for 
biosignature detection on Europa 

Areas for 
Further 
Development 

• in-situ activated AgCl 
nanostructured SERS substrates and 
their performance 
o SERS reference spectra 
o characterisation of the SERS 

enhancement relative to the 
molecule size 

o characterisation and 
optimisation of sample 
deposition onto the substrate 

o verification of the shelf-life and 
degradation over long periods 
of time 

• SPAD arrays for sub-nanosecond 
fluorescence elimination 

• identification of laser damage 
thresholds for target molecules in 
Europan analogue 

• compact DUV lasers for Raman 
spectroscopy 

• DUV compatible detectors and optics 

• characterisation of the LOD 
achievable for target molecules 

• DUV SERS 

Table 10-1 A description of two promising Raman instrument designs for the detection of 

biosignatures on Europa including the main design features, techniques, limitations 

as well as the advantages and areas for further development 

10.4 Measurement Method 

There are no specific requirements for the measurement method defined by the Europa Lander 

mission. The mission baselines 3 samples of approximately 10 cm3 of surface material to be 

collected from the depth of at least 10 cm and presented to the instruments [19], [26]. The lander 

sample collection system is to maintain the samples’ scientific integrity including keeping the 

sample’s temperature below 150 K (<-123.15 °C) or at the surface temperature of the excavation 

site [26]. 

The surface temperature on Europa varies between -233 to -168 ᴼC depending on the location 

and time of day [24], [71], which makes the -123.15 °C sample temperature upper limit rather 

high to maintain the sample’s integrity. At best, this would be 45 °C above the native surface 

temperature and only if collected near the equator and at the hottest time of the Europan cycle. 

Considering that the average temperature at 10 cm below the surface is estimated to be between 

-175 to -200 °C [24], [71], it would also exceed the sample’s native temperature by at least 52 °C. 

This is a considerable temperature difference, which may affect the sample’s integrity, especially 

if temperature sensitive molecules or organisms are present in the sample. While the -123.15 °C 

sample temperature limit is a practical limit resulting from the engineering challenges of keeping 
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the sample cold as it is being transferred through the sample handling system to the instruments, 

it is critical to ensure that the temperature is kept either equal to or as similar to the native 

sample temperature as possible.  

Furthermore, this study provides evidence that in order to maximise the science return of the 

mission, two measurements at two different temperatures as far from each other as possible 

should be taken. This is described in detail in Chapter 7 and Chapter 9. This enables investigations 

of the cryogenically induced changes in the spectra, which provides further information about the 

sample’s composition as well as any molecular or phase changes and could greatly improve the 

identifiability of the sample. Furthermore, some target molecules such as heat-shock or cold-

shock proteins may be expressed in higher quantities at various temperatures compared to their 

native state as described in Section 4.3.6.  

Notably, the two measurement temperature points do not necessarily need to include a 

measurement at room temperature or any other relatively high temperature that would require 

sample heating and thus an additional power budget allocation. Rather, a measurement at the 

native sample temperature could be taken, together with a subsequent measurement at the 

highest temperature the sample spontaneously heats up to, as it rests in the sample delivery 

system. Considering that the Allowable Flight Temperature (AFT) in the vault of the Europa Lander 

is −40/+50 °C at the vault-wall interfaces and the instruments are advised to qualify for the 

temperature range of −55 °C to +70 °C [19], the sample may not require an additional power 

budget allocation in order to heat up to a considerably higher temperature than its native 

temperature. In fact, this spontaneous heating may be a very useful resource as the power budget 

for a mission to such a distant planetary target such as Europa or other Icy Worlds is one of the 

key constraints due to the limited power raising capabilities of the spacecraft. Nevertheless, in 

order to ensure that the measurement temperatures are fully defined and thus allow full analysis 

of the data, the sample temperature should be monitored and recorded throughout the 

experiments.  

10.5 Future Directions 

The results of this study, as well as information available in literature published to date, showcase 

that the detection of biosignatures on Icy Worlds is well beyond the capabilities of current state-

of-the-art Raman instruments for planetary exploration. Significant levels of further research and 

development are necessary in order to progress the TRL of the Raman spectroscopy technology 

that may one day enable the detection of life on Europa or Enceladus. The key technology 
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required for the detection of biosignatures on Icy Worlds using Raman spectroscopy, as well as 

areas for further development, are highlighted below. 

Firstly and most importantly, it is clear that Raman spectroscopy for the detection of 

biosignatures on Icy Worlds requires SERS in order to achieve the extremely low LOD required for 

such a mission. Since Icy Worlds were identified as high priority targets for future planetary 

exploration by both NASA and ESA [14], [18], the future of Raman spectroscopy for planetary 

exploration thus relies on the development of SERS compatible with long duration spaceflight. 

While recent advances in the SERS technology cover the basic concepts that are required to 

enable SERS measurements on Icy Worlds and critical processes and methods have been verified 

experimentally, the technology is yet to be fully developed and optimised. Specifically, the 

method of activating AgCl nanoparticle coated substrates in-situ represents a key enabling 

concept for the use of SERS in planetary sciences and requires much more attention. While the 

main principles of this method were experimentally verified and the concept shows very 

promising results [146], [158], [363], further research is necessary to fully characterise the 

degradation profile of these substrates over long periods of time and in vacuum. Other variables 

in the manufacturing process such as the optimal nanoparticle density, the coating process or 

duration of the activation exposure need to be explored in more detail. The achievable signal 

enhancement and LOD for molecules of varying size also need to be defined. 

Similarly, nanostructured SERS substrates have been discussed in literature in many shapes, 

materials and forms [132], [134], [140], [141], [143], [147], [151], [153], [371], [372], however, 

they have not been combined with a layer of in-situ activated AgCl nanoparticles coating. The 

optimal geometry for the detection of biosignatures on Europa will need to be defined, which 

requires further research into the SERS enhancement dependence on the molecular size. The 

method of sample deposition and coupling to the substrate in Europa’s lower gravity also needs 

to be addressed as it drives the SERS enhancement and may require an additional complex 

mechanism. 

Additionally, reference SERS spectra of the target molecules together with their experimentally 

defined LODs are necessary in order to allow full analysis of the data. This is because SERS 

enhanced spectra can differ to spectra collected using traditional Raman spectrometers. The 

spectra can also differ depending on the specific SERS substrate design and as such, reference 

spectra of astrobiologically significant samples collected using the final optimised SERS substrates 

will be required.   

It is also important to note that both the in-situ activated SERS substrate design and 

nanostructured SERS substrates individually as well as the combination of the two technologies 
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represent a significant advancement in Raman spectroscopy in general, not just for the 

exploration of Europa. A long shelf-life SERS substrate that allows reproducible and consistent 

SERS measurements would be an invaluable asset in many areas of science besides planetary 

exploration. To name a few, SERS is used in medicine and biomedical research for diagnostics and 

drug development as well as in analytical chemistry for many applications including 

environmental pollutant detection, forensic science or even for the restoration of original 

pigments in art works [132]. 

Similarly, further research into UV SERS active materials is necessary to enable UV SERS 

measurements. While UV Raman spectroscopy has been somewhat less popular than the more 

widely available visible and NIR Raman systems, this is primarily due to the less advanced UV laser 

and optics technology. As a result of this, UV SERS has also not been fully explored to date and 

there are many gaps to fill in now that advanced UV laser sources, detectors and optics are 

becoming increasingly more available. 

As demonstrated in this study, another critical gap in the knowledge and technology required for 

the development of life-detection instruments compatible with a mission to Icy Worlds is the 

effect of the cryogenic temperatures on the instrumentation, as well as the science output. The 

results of this study show that the cryogenic temperatures on Icy Worlds will have a significant 

impact on Raman spectra and further studies are required to prepare for upcoming missions. This 

study provides an outline of some of the most important considerations for cryogenic Raman 

measurements derived from a relatively broad spectrum of molecules and molecular species. 

However, it also highlights the lack of data on cryogenic Raman measurements at temperatures 

analogous to Europa and other Icy Worlds. While some of the gaps have been filled by the results 

of this study, there is much more work to be done. Particularly, a complete database of Raman 

spectra of all target molecules and other molecules significant for astrobiology at various 

temperatures ranging to cryogenic temperatures analogous to Icy Worlds will be required to allow 

full analysis of samples collected on Icy Worlds. This is critical to avoid misidentification due to the 

cryogenically induced changes as traditional Raman spectra collected at room temperature could 

be very different to those collected on Europa and other Icy Worlds.  

It is also important to note that a complete Raman spectra database including measurements at 

various temperatures would be an incredibly valuable asset for many other applications beyond 

planetary sciences. As shown in this study, the cryogenically induced changes can be used to 

identify molecules based on the severity of the Raman shift change as this is linked to the 

vibrational modes of Raman bands. While further research into the relationship between the 

vibrational modes and the cryogenically induced changes is necessary, this method of 
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identification could be very helpful for molecules with similar Raman signatures or in samples 

containing multiple compounds with interfering bands. Further research into the cryogenically 

induced changes in Raman spectra together with a database summarising the results could thus 

greatly improve the scientific capabilities of Raman spectroscopy. 

While this was not within the scope of this study, the results also show that further research is 

necessary to understand the cryogenically induced changes in minerals and inorganic material 

that could obstruct the detection of biosignatures on Icy Worlds. Particularly, soil simulants and 

analogues should be used at analogue concentrations in order to define the potential 

interference. This is especially important for SERS measurements as inorganic interferants could 

obstruct the SERS signal enhancement. 

Lastly, while fluorescence mitigation techniques are relatively well defined and very effective 

solutions are available, further work may be needed to evaluate and potentially mitigate the 

effect of the cryogenically enhanced fluorescence noise.   
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Chapter 11 Conclusions & Future Work 

Jupiter’s moon Europa is a high priority target for future planetary exploration and was 

specifically named in both NASA’s most recent Decadal Survey as well as ESA’s Voyage 2050 plan 

as a potential candidate for their future interplanetary missions [14], [18]. This is due to its vast 

saline ocean underneath its icy shell, which could provide an ideal chemical environment for the 

emergence of life [19]. However, Europa is a very different world to the environment on Mars, 

which has been the primary planetary target for the past few decades and which shaped the 

design of current state-of-the-art instruments for planetary exploration. A new generation of 

scientific instruments will be necessary for the exploration of Icy Worlds. 

As an exceptionally versatile non-destructive compositional analysis technique, Raman 

spectroscopy has gained popularity in planetary exploration over the last decade. It can identify a 

vast spectrum of molecules including both minerals and biomolecules, as well as provide 

information on the molecular structure, material phase and atom arrangements. For its many 

merits, Raman spectroscopy was also identified as one of the instruments in the model payload of 

the Europa Lander mission, which is currently under development at NASA [19], [26].  

This study provides an overview of the key limitations of contemporary Raman spectroscopy for 

the detection of biosignatures on Europa and identifies critical design parameters and 

requirements for the development of a Raman instrument optimised for such a mission. In order 

to effectively evaluate the capabilities and limits of Raman spectroscopy, high priority molecular 

targets specific for the search for life on Europa were discussed and identified. Based on the 

likelihood of occurrence, biogenicity, abundance, uniformity across the 3 domains of life, stability 

in extreme environments, representation in extremophile organisms and uniqueness to terrestrial 

life, the identified target molecules were assigned relative priority for the search for life on 

Europa.  

While many traditional biosignatures used for the search for life on Mars are also high priority 

detection targets for the exploration of Europa, other molecules could also signal the presence of 

life on Icy Worlds. For instance, Europa’s extremely cold icy shell could help preserve molecules 

that could not survive on the rocky surface of Mars. Besides traditional biosignatures such as 

amino acids, nucleobases and carboxylic acids, uniquely biogenic molecules associated with 

crucial protectant capabilities such as ectoine, trehalose, scytonemin and carotenoids were also 

identified as high confidence and high priority biosignatures for the search of life on Europa. 

Other suitable target molecules include isoprenoid biomarkers, for instance hopanes or steranes, 

and biomolecules such as porphyrins, nicotinamide and organosulfur metabolic products. 
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A selection of the identified high priority target molecules was used to study the key limits of 

Raman spectroscopy for the exploration of Europa. The detection limits explored in this study 

were the thermally induced changes and fluorescence interference in Raman spectra of the target 

molecules, laser induced sample degradation, and sensitivity to relevant molecules at low 

concentrations analogous to Europa. 

Laser damage thresholds were identified for the selected target molecules at UV excitation of 

325 nm, visible excitation of 532 nm and 633 nm and NIR excitation of 785 nm. While laser 

induced sample damage is a commonly cited concern for studies of biological samples using 

Raman spectroscopy, only a couple of very photosensitive molecules such as pigments and 

porphyrins showed susceptibility to laser damage at visible and NIR excitations. At the UV 325 nm 

excitation, most molecules yield to laser damage at higher power, however, the effects of the 

sample degradation due to the laser damage were not as severe as expected. While a full dataset 

at 325 nm could not be obtained, measurements at this excitation still allowed the detection of 

most traditional biosignatures for life detection such as amino acids.  

Fluorescence is a notorious challenge for the detection of biogenic material using Raman 

spectroscopy and a critical factor for the selection of the excitation wavelength for various 

applications of Raman spectroscopy. However, this study showed that many high importance 

target molecules are identifiable across excitation wavelengths from UV to NIR. As expected, the 

NIR 785 nm excitation reduced the effect of fluorescence in the spectra of most of the tested 

target molecules compared to measurements at UV and visible excitations. However, it also 

generated much lower Raman signal and the sensitivity to target molecules at low concentrations 

is considerably lower than at visible excitation. 

While theoretical estimates showed that neither visible nor NIR excitation could detect molecules 

at a concentration required for the detection of life on Europa, the NIR excitation would struggle 

to detect biomolecules even at the much higher concentration predicted for the Martian regolith 

[61]–[64]. On the other hand, at 532 nm, many of the examined target molecules could be 

detectable in the Martian regolith, if not on Europa. Notably, the visible 532 nm excitation could 

also meet the LOD requirement of the Europa Lander mission, which is only in the order of ppth. 

However, considering that research conducted to date indicates that the concentration of 

organics in the Europan ice is in the order of ppb and as low as 0.01 ppb [9], [19], [23], this is 

unlikely to be enough unless a specific higher concentration deposit or colony is found and 

targeted. For biosignature detection on Europa or other Icy Worlds at these extremely low 

concentrations, both 532 nm and 785 nm would need to be used combined with SERS.  
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An alternative method of increasing the signal intensity is using a short excitation wavelength. 

While DUV measurements at low concentrations were not within the scope of this study, based 

on the results at higher excitation wavelengths DUV Raman systems should be easily capable of 

detection at the ppth concentration required by the Europa Lander mission. For many target 

molecules for the detection of life on Europa, LODs in the order ppm should also be possible. 

Resonance of some high priority biosignatures such as amino acids, nucleobases or PAHs in the 

UV region could also contribute to even lower LODs. While the achievable LODs at DUV excitation 

fall short of the required LOD for most molecules, the signal enhancement for detection at very 

low concentrations of ppm or lower does not rely on SERS, which is the main advantage of using a 

DUV Raman system. In comparison, SERS is a complex method that is still poorly understood and 

that requires a significant amount of further development to be adapted to planetary exploration. 

Besides the extremely low concentrations in ice, biosignatures on Europa would also be exposed 

to extremely low temperatures unparalleled on Earth, ranging down to -233 °C. However, there is 

very limited data on the spectra of molecules at these extremely low temperatures, especially for 

molecules important for astrobiology. The results of this study showed that cryogenically induced 

changes in the spectra of molecules could be critical for the detectability of the molecules. 

Spectral changes induced by the extreme low temperatures include shifting of Raman bands to 

higher or lower frequencies, narrowing of the Raman band width, decrease in the variance 

between individual spectra, the emergence of new bands or the diminishing of existing Raman 

bands as well as changes in the signal intensity and increasing fluorescence background. 

While the profile of the Raman shift change as well as the change in the Raman band width 

proved to be fairly consistent among most molecules and most Raman bands, there were also 

numerous exceptions and many other effects were found to be highly specific to each molecule. 

The occurrence of new bands or diminishing of existing bands as well as changes in the Raman 

signal strength were particularly unpredictable and no common trend was found. This is 

particularly concerning as these effects could greatly impact the detectability and identifiability of 

the target molecules. Particularly, while most molecules showed an exceptional increase in the 

signal strength at low temperatures, some others, such as nucleobases, showed a significant 

decrease in the signal strength.  

Perhaps one of the most critical effects of the cryogenic temperatures is the increase in the 

fluorescence noise, which is also accompanied by a higher variability between individual 

measurements. This cryogenically induced fluorescence increase was shown to significantly 

decrease the SNR in the spectra or, in many cases, completely overshadow the Raman signature.  

This makes many computational fluorescence mitigation techniques either less reliable or 
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completely ineffective as it requires a very robust fluorescence mitigation method that does not 

rely on statistics or baseline subtraction.  

On the other hand, some of the cryogenically induced changes in the spectra could be 

advantageous for the detection of biosignatures on Icy Worlds. It was shown that for 

photosensitive samples, the laser damage threshold increases significantly at cryogenic 

temperatures. This allowed either a much higher Raman signal or even the identification of 

previously unresolvable molecules. Furthermore, it also rendered highly photosensitive 

fluorescent molecules, such as porphyrins or carotenoids, immune to the cryogenically induced 

fluorescence increase. The SNR of photosensitive molecules increased at low temperatures as the 

reduction in the laser damage allowed higher Raman signal intensity. This counterbalanced and, in 

many cases, outperformed the fluorescence increase. This could be a very desirable side effect of 

the extreme low temperatures on Europa as it could potentially allow the detection of very 

photosensitive molecules or intensify the Raman signature. Likewise, it is possible that the 

destructive nature of DUV and UV excitations could be mitigated at least to a certain extend by 

the extremely low temperatures on Europa.  

Likewise, a significant decrease in the Raman band width as well as in the variance between 

individual measurements was recorded in the spectra of all target molecules. This makes 

measurements at cryogenic temperatures both more precise and more accurate, which could be 

useful for many other applications beyond the exploration of Icy Worlds.  

Another common and potentially very helpful trend observed in the data was the link between 

the absolute maximum change in the Raman shift between the temperature extremes and the 

complexity of the molecule. The results indicate that Raman measurements of smaller, shorter or 

otherwise structurally less complex molecules generate much higher changes in the Raman shift 

at cryogenic temperatures. Nevertheless, it is also important to note that many important 

biosignatures are simple molecules and the changes in the band shift observed on Europa may 

thus be up to 25 cm-1. This is a significant change that may obstruct the identification of target 

molecules. It also highlights the need for a database of reference spectra collected at 

temperatures analogous to Europa, which will be necessary for the full analysis of samples on 

Europa in order to avoid misidentification. 

Likewise, a link between the type of vibrational modes associated with Raman bands and the 

change in their Raman shift at extreme low temperatures was identified. Bands associated with 

stretching vibrations, out of plane deformation of a ring or vibrations including inner atoms of a 

molecule were found to be more likely to shift to lower frequencies at low temperatures or shift 

to higher frequencies by only a small amount compared to bands assigned to other vibrational 
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modes. On the contrary, bands that shift to a significantly higher frequency at lower temperatures 

are more likely to be associated with vibrations that are relatively less constrained within the 

molecule, that is, vibrational modes including the extremities of a molecule, such as its side 

chains, outer atoms and groups, or vibrations including most or all of the molecule’s main chain 

and in plane bending within a ring. 

This link offers an exciting new method of molecule identification solely based on the comparison 

of spectra collected at two different temperatures and could greatly improve the identification 

capabilities in Raman spectroscopy for a wide array of applications beyond the exploration of 

Europa. This also suggests that taking two separate Raman measurements of the same sample at 

two different temperature points could be a very advantageous strategy for spectra collection on 

Europa as it could provide much more information on the composition of the sample or help 

distinguish between compounds with very similar Raman signatures.  

The investigations of the key detection limits together with data available in previously published 

literature were used to derive critical instrument design requirements. The results showed that 

the spectral resolution required to ensure maximum science return for an astrobiology mission to 

Europa is 2-3 cm-1. This is much higher than the spectral resolution of contemporary state-of-the-

art Raman instruments for planetary exploration. More importantly, it may be particularly 

challenging for miniaturized instruments as miniaturization of Raman instruments typically relies 

on a trade-off between the size and the performance of the instrument, i.e. spectral resolution, 

spectral range and the throughput, which affects the signal strength. Furthermore, despite being 

highly miniaturized instruments, contemporary state-of-the-art Raman spectrometers for 

planetary exploration, do not meet the strict size and mass requirements of a mission to Europa 

and further miniaturization will be necessary.  

Based on the requirements of a mission to Europa and requirements derived from the 

experimental study of the detection limits of Raman spectroscopy, key design parameters were 

identified and discussed in terms of the available technology. Two promising instrument designs 

compatible with a lander mission to Europa were identified:  

1. Green Excitation Time-Gated Surface Enhanced Raman Spectrometer using In-Situ 

Activated AgCl Nanostructured SERS Substrate Technology 

2. DUV Spatial Heterodyne Raman Spectrometer 

While the green excitation cannot detect molecules at LODs required for the exploration of 

Europa, it could be a very powerful tool in combination with SERS technology. Novel emerging 

technology based on in-situ activation of precursor AgCl nanoparticles and SERS substrate 



Chapter 11 

234 

nanostructuring could enable highly reproducible and consistent SERS measurements even after 

years of storage during planetary transfer. This would allow the instrument to meet the ppb LOD 

requirement for a mission to Europa. Furthermore, the combination of SERS and time-gating 

would effectively mitigate the effects of fluorescence noise without requiring additional mass and 

size allocation. This would allow the instrument to detect and identify most molecules of interest 

to astrobiology, including most minerals. With compact laser sources being readily available, the 

major constraint would be the size and spectral resolution trade-off. While an instrument within 

the size and mass budget of a mission to Europa and with sufficient spectral range and the 

spectral resolution of 4.5 cm-1 should be feasible, a SHS design may be necessary if a higher 

spectral resolution is required.  

On the other hand, a DUV Raman instrument based on the SHS design could be a relatively simple 

instrument that does not require the complex and underdeveloped SERS technology for the 

detection of biosignatures at low concentrations. The SHS design allows high spectral resolution 

and range at high throughput. In combination with the natural signal enhancement at short 

excitation and resonance signal enhancement for some molecules that are resonant in the DUV 

region, the instrument could be capable of LODs in the order of ppm. For some molecules, LODs 

in the order of ppb may also be possible. While this may not allow the detection of all the target 

molecules at the required concentration for life detection on Europa, many high importance 

biosignatures such as amino acids or nucleobases could be detectable at the required ppb LOD. 

Furthermore, the natural separation of the Raman signal and the fluorescence signal at 

excitations below 244 nm completely eliminates the impact of the fluorescence noise on the 

spectra without any additional fluorescence mitigation mechanisms. Recent advances in the DUV 

laser technology and the resulting compact DUV laser sources in combination with the SHS 

concept also allow a DUV SHS Raman design to meet the required mass and size requirements of 

a mission to Icy Worlds. While the availability of Raman compatible compact DUV sources may 

still have an impact on the achievable spectral resolution of the instrument, the SHS design allows 

very high spectral resolution without affecting the size of the instrument, potentially even as low 

as 2 cm-1. 

Nevertheless, a significant amount of further development is necessary in order to progress the 

TRL of the two proposed instruments past the conceptual stage and allow biosignature detection 

on Europa using Raman spectroscopy. Particularly, SERS was identified as a key enabling 

technology for future planetary exploration. It is critical for effective investigations of Icy Worlds 

and their surface and sub-surface material and may also be highly beneficial, if not crucial, for the 

exploration of other planetary targets, such as the Martian polar regions. This makes a Surface 

Enhanced Raman Spectrometer the instrument of the future and a key technology to focus on.  
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SERS techniques that are compatible with long duration space flight have been proposed and 

show promising results. Particularly, in-situ activated AgCl SERS substrates [146], [158], [363] 

combined with nanostructuring of SERS substrates could provide highly reproducible and 

consistent Raman measurements years after manufacture. While the main principles of this 

method were experimentally verified and the concepts show very promising results, they have 

not been combined as of yet and further research and development is necessary to achieve a fully 

integrated and verified system optimised for the detection of biosignatures on Icy Worlds. 

11.1 Future Work 

First and foremost, a SERS technique compatible with planetary exploration is a critical enabling 

technology that will be a necessary key component of future Raman instruments for planetary 

exploration. Particularly, a SERS technique combining in-situ activated AgCl SERS substrates [146], 

[158], [363] and nanostructuring of SERS substrates offers a solution that is compatible with long-

duration spaceflight and that could provide highly reproducible and consistent Raman 

measurements. However, both the in-situ activated AgCl SERS method and nanostructured SERS 

substrate method need to be optimised and an integrated system combining the two methods is 

yet to be developed and verified experimentally. Furthermore, further research is necessary to 

progress the TRL of the proposed method and to optimise the technique for the detection of 

biosignatures on Europa. Issues such as the optimal nanostructure geometry, the LOD for 

molecules of varying sizes, optimal nanoparticle density, the profile of the performance 

degradation over time and in vacuum as well as the activation exposure time or coupling of 

molecules to the SERS surface are yet to be fully addressed. Furthermore, a database of SERS 

spectra of relevant molecules will be necessary as SERS measurements often differ to traditional 

Raman spectra and could also change depending on the specific SERS method or substrate. 

As demonstrated in this study, another critical gap in the knowledge and technology required for 

the development of life-detection instruments compatible with a mission to Icy Worlds is the 

effect of the cryogenic temperatures on the instrumentation and the science output. The results 

of this study showed that the cryogenic temperatures on Icy Worlds will have a significant impact 

on the Raman spectra and further studies are required to prepare for the upcoming missions. 

While some of the gaps in the knowledge were filled in this work, further research is necessary. 

Particularly, a complete database of Raman spectra of all target molecules and other molecules 

significant for astrobiology at various temperatures ranging to cryogenic temperatures analogous 

to Icy Worlds will be required to allow full analysis of samples collected on Icy Worlds. This is 

critical to avoid misidentification due to the cryogenically induced changes as traditional Raman 
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spectra collected at room temperature could be very different to those collected on Europa and 

other Icy Worlds.  

Lastly, further research into the relationship between the vibrational modes and the cryogenically 

induced changes would be a potentially invaluable contribution to science in general. As 

demonstrated in this study, the cryogenically induced changes can be used to identify molecules 

based on the severity of the Raman shift change as this is linked to the vibrational modes of 

Raman bands. This offers a completely new method of identification that could greatly improve 

the scientific capabilities of Raman spectroscopy, especially if a complete database of molecules 

at various temperatures is available. This could also be an incredibly valuable asset for many other 

applications beyond planetary sciences.
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