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ABSTRACT 
 

The sharp spectral features of Raman spectra are widely recognized to provide 

unequivocal and accurate chemical characterization of organic and inorganic compounds. 

Therefore Raman spectroscopy can be used to detect minerals, water bearing minerals, organic 

and biological materials and biomarkers in the context of planetary science. This dissertation 

extends the applicability of the Raman technique both laboratory based micro-Raman and remote 

Raman sensing ahead of planetary exploration missions to Mars employing Raman 

spectrometers. The interpretation of Raman imaging from a meteorite taken with a micro-Raman 

system revealed a close correlation between the blue color in natural ringwoodite and a new 

observed Raman peak that shows strong resonance Raman enhancement. The data suggest that 

ringwoodite exists both in the spinel structure and in the partially inverse spinel structure. In the 

field of remote Raman, this dissertation provides carefully derived Raman cross-section values 

for various organic liquids and inorganic polyatomic ions in aqueous solutions that will be useful 

for estimating detection capabilities of 532 nm excitation remote Raman systems for planetary 

exploration. Suitability of remote 532 nm Raman systems for future applications is explored. A 

portable, compact time-resolved instrument using a 3-inch diameter telescope is used it to 

demonstrate daytime detection of amino acids and nucleobases from a distance of 8 m. The 

measurements with a larger 8-inch Raman system demonstrate that it is possible to acquire good 

quality Raman spectra of various materials from a 430 meter remote distance during daylight 

with detection times of 10 seconds, and in some cases as short as 1 second, during daylight and 

in a realistic outdoor context. To my knowledge, these are the only remote Raman spectra at this 

distance that provide unambiguous detection of compounds important for planetary science, such 

as water and water ice, dry ice, sulfur, sulfates, various minerals and organics, and atmospheric 

gases. This dissertation demonstrates the large potential of micro-Raman investigations and the 

significant improvement of the remote Raman technique as well as its suitability for Solar 

System exploration. 

  



v 

MOTIVATION 
 

These are active and exciting times for Raman spectroscopy in planetary science as 

micro-Raman laboratory systems are more powerful and versatile than ever and several Raman 

systems are planned to fly to Mars. The European Space Agency has included a micro-Raman 

spectrometer in the payload of the Exomars 2018 mission (Rull Perez and Maurice, 2016) and 

the National Aeronautics and Space Administration is planning to add Raman capabilities in both 

the Supercam and SHERLOC instruments in the payload of the Mars 2020 rover mission (Beegle 

and Bhartia, 2016; Wiens and Maurice, 2016). 

In recent years, Remote Raman spectroscopy has been developing in parallel with the 

more traditional micro-Raman technique (Hirschfeld, 1974; Sharma et al., 2002) and our group 

at the University of Hawai‘i, lead by Shiv K. Sharma, has been pioneering the technique since 

the early 2000s. Thanks to the equipment and experience of the Raman Spectroscopy Laboratory 

at the University of Hawai‘i, I feel that remote Raman systems can be developed, new techniques 

established, and improvement in our understanding on Raman sensing, to provide the community 

with tools and data to better interpret future measurements to be coming from outside the Earth.  
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1.1 Raman Spectroscopy 

1.1.1 Historical background 

The interaction of light with matter results in the phenomena of reflection, absorption, 

transmission, and scattering. In some cases this interaction also results in fluorescence emissions 

(photoluminescence) at longer wavelengths than that of the incident light. In 1852 Sir George 

Gabriel Stokes famously described detailed experimental studies on several samples, both 

organic (including quinine) and inorganic (including fluor spar or fluorite mineral, an impure 

CaF2) and identified a common phenomenon he called dispersive reflectance - where the 

wavelength of the dispersed light was longer than that of incident light (Stokes, 1852). The shift 

in the wavelength is referred to as the Stokes shift (Figure 1) and the phenomenon is known 

today as fluorescence. 

There is also a long history of research on the phenomena of scattering of light. Lord 

Rayleigh (John Strutt), a British physicist, published his theory of elastic scattering (known as 

Rayleigh scattering) in several papers between 1870 and 1900. In Rayleigh scattering of light by 

atoms or molecules, which are much smaller than the wavelength of light, there is no change in 

the wavelength of incident light.  The scattered light has a strong wavelength dependence (~λ−4), 

which means that shorter (blue) wavelengths are scattered more strongly than longer (red) 

wavelengths. Rayleigh scattering of sunlight in the atmosphere causes diffuse sky radiation, 

which is responsible for the blue color of the sky (Rayleigh, 1899). 

Raman spectroscopy is based on the Raman Effect. The Raman Effect was predicted in 

1923 as an inelastic scattering of light (Smekal, 1923), with further contributions of some of the 

physicists that developed quantum mechanics (Dirac, 1927; Kramers and Heisenberg, 1925; 

Schrödinger, 1926). The effect was first observed experimentally in 1928 by Sir C.V. Raman, an 

Indian physicist, during the course of extended research on the molecular scattering of light in 

liquids (Raman and Krishnan, 1928). The effect was observed independently in quartz crystals 

by Landsberg and Mandelstam (1928) and the years 1928 and 1929 saw the light of extensive 

research on the topic (Menzies, 1930). For this discovery and the first publication of a spectrum 

of scattered light with frequency shifted lines, Raman was awarded the Nobel Prize in 1930 and 

the effect is named after him as the Raman Effect.  
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1.1.2 Basic Theory 

The Raman Effect is observed when a monochromatic light of frequency ν0 is incident on 

a transparent sample and the spectrum of the scattered light shows, in addition to the Rayleigh 

line, a pattern of lines of shifted frequency - the Raman spectrum. The pattern on the low 

frequency side of the exciting light (-Δν), which is negative or longer in wavelength, resembles 

the Stokes shift found in luminescence. For this reason they are referred to as Stokes-Raman 

lines. The pattern is mirrored by an identical pattern on the high frequency side (Δν) positive or 

shorter in wavelength, which is referred to as anti-Stokes Raman lines. The intensities of the 

Stokes Raman lines are greater than those of the anti-Stokes Raman lines. The lifetime of Raman 

scattering ~10-13 second, and is much shorter than the lifetime of most fluorescence. 

 

 
Figure 1.1: Jabłoński energy-level diagram showing the 
real electronic excited states involved in fluorescence and 
phosphorescence, and virtual states involved in elastic 
(Rayleigh) and inelastic (Raman) scattering. IC is internal 
conversion, ISC is intersystem crossing, F is fluorescence 
(lifetime 10x10-12 - 10-9 s), and P is phosphorescence 
(lifetime 10-3 - 102 s). 
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For any molecular bond, the individual atoms are confined to specific vibrational modes 

whose energies are quantized. For example, the energy of a particular vibrational mode in a 

diatomic molecule can be given by the solution of the Schrödinger equation  

 = 0          (1.1) 

 

where ‘Ψ’ is the wave function of the quantum system, ‘Q’ is the atomic displacement from the 

equilibrium position, ‘μ’ is the reduced mass of the system (i.e., for a diatomic molecule with 

molecular masses m1 and m2, μ = (m1m2)/(m1+m2)), ‘h’ is the Planck’s constant, and ‘K’ is the 

force constant of the molecular bond. Solving for the condition that the wave function must be 

single valued, the eigenvalues are   

 

 Ev = (v+1/2) hνvib (1.2) 

 

where ‘v’ is the vibrational quantum number,  and ‘νvib’ is the vibrational frequency; and the 

frequency of vibration is given by  

 

ν =	 	 π 	                     (1.3). 

 

Raman scattering can be described in terms of the discrete energy states of each 

molecular vibrational mode. For this we can consider a vibrational energy diagram (Fig. 1.1). 

There, each discrete vibrational state corresponds to the vibrational quantum number ‘v’ in 

equation 1.2. Contiguous energy levels increase or decrease in energy by one quantum number; 

hence ΔE = hνvib.  

At low to moderate temperatures, most of the molecules will exist in the ground 

vibrational quantum state (v = 0), while the rest of the molecules will exist in higher vibrational 

states according to the Boltzmann’s distribution function (Equation 1.4). Molecules in upper 

vibrational quantum states (e.g., v = 1) vibrate at the fundamental frequency νvib; however, the 

probability of finding the atoms displaced from their equilibrium position increases with 
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increasing quantum number. Raman scattering can also be interpreted as a change in vibrational 

energy state caused by the interaction with an incident photon. An oscillating dipole moment is 

induced in the molecular system along with the incident light wave putting the molecular system 

in a virtual energy state whose energy is higher than the vibrational energies (Fig. 1.1, Jabłoński 

diagram modified to show vibrational energies (Jabłoński, 1933)). Depending on the photon 

energy, the energy level of the virtual state is usually much greater than the energy of the 

vibrational states, but is not necessarily coinciding with any particular electronic excited state. 

The most likely outcome of this process is the molecule staying in its ground electronic state 

(Hahn, 2007). However, during the interaction with the incident photon and depending on the 

energy of the photon, some quantum of energy equal to that of the vibrational mode may be 

given or taken to the molecule vibrations (Fig. 1.1). This phenomenon of inelastic scattering is 

referred to as spontaneous or normal Raman scattering to distinguish it from stimulated Raman 

scattering, which is a non-linear optical effect.  

After this scattering event, the remaining photon energy, which is now less (or more) than 

that of the incident photon, is emitted from the molecule as electromagnetic radiation. This 

inelastically scattered radiation is the Raman emission. 

The intensity ratio of the Stokes Raman to anti-Stokes Raman lines of the sample depends 

on the temperature of the sample, i.e., the population of molecules in the ground and excited 

states, according to following equation: 

 = (ν Δν)(ν Δν) ( Δν )⁄ 																																(1.4) 
 

where ‘h’ is the Planck’s constant, ‘k’ is the Boltzmann’s constant, ‘T’ is the temperature and 

‘Δν’is the vibrational energy of the molecule (νvib). Based on this equation, the Stokes to anti-

Stokes ratio of Raman lines can be used to determine the temperature of the sample.  

The phenomena of Rayleigh and Raman scattering can be explained, in part, by classic 

electromagnetic theory (Herzberg, 1945). Light scattering may be considered as an interaction 

between an electromagnetic wave with matter (solid, liquid or gas) that perturbs the electron 

clouds within the constituent molecules with the same frequency (ν0) as the electric field of the 
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incident wave. The perturbation of the electron cloud results in the periodic separation of the 

center of positive and negative charges within the molecules, which produces an induced dipole. 

The oscillating induced dipole moment manifests as a source of electromagnetic radiation, 

thereby resulting in scattered light. For example, a hypothetical atom, with a spherical symmetric 

electron cloud, has no permanent dipole moment. When the atom is placed in an oscillating field 

of electromagnetic light waves of frequency ν0, i.e., E = E0 cos(2πν0t), it will induce a dipole 

moment P given by the following equation 

 

 P = α E0 cos2πν0t (1.5) 

 

where ‘α’ is a constant of proportionality (known as polarizability), ‘E0’ is the magnitude of the 

electric field, and ‘ν0’ is the frequency in Hz (ν = c/λ, where c is the speed of light, and λ is the 

wavelength) of the incident light, and ‘t’ is the time. 

The polarizability is not constant because certain vibrations and rotations of the molecule 

can cause it to vary. For example, during the vibration of a diatomic molecule, the molecular 

shape is alternately compressed and extended. The electron cloud is not identical at the extremes 

of the vibration, so a change in polarizability will result. For small displacements the 

polarizability of a diatomic molecule can be given as 

 

α	 = 	α 	 δα
δ

	dQ	 … (1.6) 

 

where ‘dQ’ is the difference between the inter-nuclear distance and the equilibrium inter-nuclear 

distance at a given time, and ‘δα/δQ’ is the rate of change of α with respect to dQ. If the 

vibration is considered harmonic, dQ is given by 

 

 dq = Q0 cos2πνvibt (1.7) 

 

where ‘Q0’ is the maximum displacement about the equilibrium position and νvib is the 

vibrational frequency. 
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Substituting the values of α and dQ from Equations 1.6 and 1.7 yields, 

 P	 = 	α E 	cos2πν t 	 δα
δ

	E Qq 	cos2πν t	cos	2πν t (1.8). 

 

Using trigonometry relations, the above equation can be written as  

 P	 = 	α E 	cos2πν t 	 δα
δ

		 cos2π(ν ν )t cos	 2π(ν ν )t   (1.9). 

 

It follows from Equation (1.9) that the electrical field of the incident light interacts with the 

molecules in the medium and induces oscillating polarizability components with frequencies ν0, 

ν0-νvib and ν0+νvib, which result in scattering at the same frequencies. The spectrum of the 

scattered light will not only contain the line corresponding to incident light ν0 (Rayleigh 

scattering), but also two modified lines corresponding to the frequencies ν0+νvib (Raman 

scattering). The intensity of the Rayleigh line depends on the square of the amplitude, i.e., 

(E0α0)2, and the intensities of the Raman lines depend on (E0q0/2)2 (δα/δQ)2, where δα/δQ is the 

rate of change at for changes in α a given normal mode of vibration. A necessary condition for 

Raman scattering is that δα/δQ must be non-zero. This constitutes the selection rule of Raman 

spectroscopy: “For a molecular vibration to be Raman active, the polarizability must be changed 

during the vibration.” Thus we have a classical explanation of Stokes Raman and anti-Stokes 

Raman lines. The observed intensity of Raman scattering is proportional to the cross section β 

which is closely related to the change in polarizability δα/δQ. According to the classical theory, 

however, the intensities of a Stokes Raman line and corresponding anti-Stokes Raman line 

should be the same. The limitation of classical theory results in incorrect relative intensity of the 

Stokes Raman line, as compared with the corresponding anti-Stokes Raman line, and instead 

needs to be explained on the quantized nature of the vibrational energy levels. 

The observed intensity of Raman scattering is proportional to the cross section, βj, with 

units of square centimeters per molecule. It follows from the Raman theory that the magnitude of 

βj is related to the change in polarizability δα/δQ (Tang and Albrecht, 1970). One consequence 

of this theory is that the Raman intensity for modern Raman spectrometers, which measure 
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photons/second in the absence of resonance Raman Effect, increases as the excitation 

wavelength decreases following the 4th power excitation frequency dependence of the Raman 

cross section given by 

 β 		 = 	β υ υ υ 																		(1.10)	
 

where βj
0 is the frequency independent cross section of the jth vibrational mode, υ0 is the 

wavenumber of the excitation laser wavelength, and υj is the wavenumber of the Raman peak j 

(McCreery, 2002).  	
1.1.3 Applications for planetary science 

As described above, in the Raman Effect, an incident photon scatters inelastically upon 

interaction with molecules, and the scattered radiation carries information on vibrational and 

rotational energy levels of molecules and lattice vibrations energy levels. Thus, Raman spectra 

can potentially identify a wide range of chemical compounds, ranging from minerals to 

biological products. 

Initially Raman spectroscopy was considered a physics curiosity until the invention of 

lasers, even though several Raman studies of pure components (solids, liquids, gases) were 

carried out at the macroscopic scale using mercury emission lamps (Herzberg, 1945). This was 

mainly because of the low efficiency of normal Raman scattering. A typical total Raman 

scattering cross section is on the order of 10−29 cm2 per molecule, whereas typical cross-sections 

for absorption in ultraviolet and infrared are around 10−18 and 10−21 cm2 per molecule, 

respectively. Lasers that became available during the 1960s were able to provide high irradiance 

of monochromatic light onto the sample for recording the Raman spectra. Moreover, Raman 

spectrometers constructed before the 80s were large, expensive, and not suitable for onsite 

analysis. With the development of lasers and detectors starting in the 60s and into the 80s, it was 

a natural consequence that Raman spectroscopy was applied to meteorite minerals phases once 

the technique was established as a practical method of chemical analysis (Bild and Tallant, 1984; 

Heymann, 1987). Not surprisingly, Raman spectroscopy helped prove the impact origin of 

multiple cratering events (Gucsik et al., 2003; Halvorson and McHone, 1992), and permitted 

recognition of shocked minerals as a proof of impacts in meteorites (Boyer et al., 1985; 
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Miyahara et al., 2014). Currently Raman spectroscopy is used as a powerful characterization tool 

in shocked meteorites to distinguish among shock-created mineral polymorphs (Chen et al., 

2007a; Wang et al., 2004; Zhang et al., 2006). One of the polymorph families found in 

meteorites is also of particular interest to Earth sciences. Wadsleyite and ringwoodite are 

polymorphs of the common mineral olivine. All three phases constitute a large fraction of the 

upper mantle of the Earth (Binns et al., 1969; Ringwood, 1975) and their physico-chemical 

properties are key to understanding the behavior of the Earth’s interior. Backed by the 

experience and resources of the Raman systems and laboratories, I undertook a thorough Raman 

study of a shocked ordinary chondrite with wide melt veins and large ringwoodite crystals. I 

went beyond simple Raman identification into providing chemical and structural insight on both 

ringwoodite, and other shock-induced mineral phases.  

Raman spectrometers have significantly profited from technical development and it is 

now possible to construct low-cost, battery-powered, portable Raman spectrometers, which have 

many of the spectral capabilities of laboratory-based systems (e.g., Dubessy et al., 2012). The 

recent spectacular advances in the construction of Raman spectrometers are well illustrated by 

the low mass (~ 1.5 Kg) of the Raman spectrometer for the next European and American rover 

missions to Mars (Beegle and Bhartia, 2016; Rull Perez and Maurice, 2016; Wiens and Maurice, 

2016). 

1.1.4 Resonance Raman Spectroscopy 

Resonance Raman spectroscopy, which is used in Chapter 2, is a variant of ‘normal’ 

Raman spectroscopy. Raman spectroscopy is typically performed using laser sources that have 

energy above the vibrational or rotational energies of the molecule but far below the first 

electronic excited state. Resonance Raman scattering takes place when the laser’s energy nears 

that of an electronic excited state (e.g., 1st or 2nd electronic excited state in Fig. 1.1). In such a 

case, the Raman bands originating in the excited electronic transition may show very strong 

enhancements, with intensities 103 to 105 higher than that the predicted by the ν0
4 rule. The term 

pre-resonance Raman scattering is commonly used when the excitation energy is in the vicinity 

of the electronic excited state. Resonance Raman adds sensitivity to Raman spectroscopy and 

allows the identification of samples with concentrations as low as low as 10-8 M (molar). In 

resonance Raman the excitation wavelength is chosen to overlap with (or be very close to) an 
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electronic transition, which usually occurs in an area of UV-visible absorption. The resonance 

Raman lines, thus, are selectively enhanced and produce simpler spectra and allow for 

assignments of the vibrations of the excited chromophores and facilitate interpretation of features 

produced by the electronic transitions in the absorption spectra. The usefulness of resonance 

Raman spectroscopy for studying aqueous samples, especially biological samples, was 

appreciated early on. Raman enhancement has been observed in several organic molecules, such 

as hemoglobin, with transitions in the 400-600 nm range. Strekas and Spiro (1972) demonstrated 

the usefulness of the resonance Raman effect in selective studies of the chromophoric hemes of 

hemoglobin and myoglobin. Resonance Raman with tunable visible lasers is used to study heme 

protein structure and function (Spiro et al., 1990) and elucidate the photochemical mechanisms 

of visual pigments, such as rhodopsin (Mathies et al., 1987). In minerals, Raman enhancement 

has been observed for the iron containing oxides hematite (α-Fe2O3), maghemite (γ-Fe2O3) and 

magnetite (Fe3O4) (de Faria et al., 1997). For this group of minerals, pre-resonance Raman 

occurs with 636 nm excitation caused by a spectral absorption band located near 640 nm. This 

band has been identified as the result of the 6A1(6S)→4T2(4G) ligand field transitions of 

octahedrally coordinated Fe3+ (Cornell and Schwertmann, 2003). Raman resonance has also been 

observed in ringwoodite, along with Fe-originated absorption bands in the optical spectra 

(Acosta-Maeda et al., 2013). These have been assigned to the transition 5T2g → 5Eg of VIFe2+ split 

by the trigonal distortion or Jahn-Teller effect (Taran et al., 2009). 

The change in polarizabilty produced by an electronic transition gives rise to the 

enhanced Raman effect and can be expressed as a function of two “terms” of resonance, A and 

B. According to the Albrecht theory, the A-term resonance can only be seen for totally 

symmetric modes and the B-term can contribute to the cross section in non-totally symmetric 

modes.  

The intensity of a Raman band with a contribution from the electronic transition m→n is, 

in theory (Albrecht, 1961; Ferraro et al., 2003; Tang and Albrecht, 1970), 
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where m and n are the initial and final electronic states. This equation also expresses the ν0
4 rule. 

(αρσ)mn represents the polabizability change caused by the m→e→n transition (where e is an 

electronic excited state) and ρ and σ are the three components x-y-z of the polarizability tensor. 

This depends on the frequency difference between the states υem and υen as  
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where h is the Planck's constant and the Ms are the electronic transition moments. Γe is the band 

width of the state e, and iΓe is named the dumping constant. In Raman scattering, υ0 is usually 

υ0<< υem, and the Raman intensity follows the ν0
4 rule. The first term in parenthesis in the 

equation becomes very large as υ0 approaches υem and the intensity of the band at υ0-υem  greatly 

increases. This resonance term gives rise to the Resonance Raman scattering. The polarizability 

can be expressed in two terms, A and B, by stating the total wavefunction as the product of the 

electronic and vibrational wavefunctions.  

BAmn +≅)( ρσα       (1.13) 

where the A term is  
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where Me is the pure electronic transition moments for the excited state e of which υ is a 

vibrational level. The A term becomes larger given the resonance condition υ0→υυi and as the 

electronic absorption becomes stronger, yielding a larger Me. Because the vibrational 

wavefunctions are orthogonal, one of the integrals becomes 0 unless the equilibrium position is 

shifted with the electronic excitation. This happens only in totally symmetric vibrations, hence 

the A term is only observed for totally symmetric Raman modes. The B term involves two 

electronic excited states e and s, and can be expressed as  
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and where υs and µs are the frequency and transition dipole moment of the second excited state. 

The numerator of the B term contains vibrational overlaps integrals dependent of Q (normal 

coordinate of the vibration) and Franck-Condon overlap integrals. Therefore it does not become 

0 when the vibrations are not totally symmetric. The electronic hamiltonian H is contained in the 

vibronic coupling operator <s|∂H/∂Q|e>; the B term is not 0 when proper symmetry coordinates 

are chosen and resonance Raman Effect can be observed with only a B term contribution. 
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1.2. Advanced Raman Spectroscopy Methods  

1.2.1 Micro-Raman spectroscopy 

 

Figure 1.2: Schematics of micro-Raman system with 180° and 
135° scattering geometry with a CW Ar-ion laser and a pulse 532 
nm laser, respectively, NF: notch filter. 

The schematics of a micro-Raman system (Fig. 1.2) show a continuous wave (CW) Ar-

ion laser, 488 and 514.5 nm radiation, used in 180-degree geometry, and a pulsed frequency-

doubled 532 nm laser radiation from an Nd:YAG laser are used in an oblique (typically 45-

degree) angle excitation geometry. The principal advantage of micro-Raman spectroscopy is the 

ability to make measurements of a region of the sample as small as the focused laser spot. The 

laser can be focused to a diffraction limited spot and the system will accept light from other areas 

such as above and below the nominal focus area in the optical axis direction.  

Typical laser spots are on the order of 2-3 μm for a 50X VIS microscope objective and 

514.5 nm Ar CW laser excitation. The necessary components to obtain a Raman spectrum are a  
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Figure 1.3: Black spot on clean brown surface of colonized “red” carbonate 
from Little Red Hill, CA, crystal: dolomite and unidentified peaks after 
1100cm-1. Exposure: 10 seconds, 10 accumulations, 13mW, 785 nm 
excitation. 

monochromatic excitation source, a spectrometer fitted with a detector, and a way to reject the 

intense Rayleigh scattering. In modern micro-Raman spectrometry, a microscope is used both to 

excite the sample and collect the scattered light with 180° geometry. A holographic notch-beam 

splitter is used to direct the laser towards the sample and to allow the inelastically scattered 

radiation to travel towards the spectrometer. Advances in notch and sharp edge filters have 

significantly reduced the size and increased the efficiency of the dispersive Raman systems. 

SuperNotch filters allow the rejection of the Rayleigh scattered light by a factor of ~108. These 

advances have been used in a number of modern commercial research-grade Raman 

spectrometers, and to develop miniature Raman spectrometers for space applications (Gasda et 

al., 2015). The work presented in this dissertation, is from use of a number of Raman systems at 

the Hawai‘i Institute of Geophysics and Planetology. These include a Kaiser Raman RXN1™ 

Microprobe with 785 nm laser excitation; a Renishaw InVia micro-Raman system with 224 nm 

(UV), 514.5 nm (Green) and 830 nm (NIR) laser excitation wavelengths; a WITec alphaR 300 
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Raman microscope with 532 nm (green) and a 632 nm (red) laser excitations; and older SPEX 

spectrometer fitted with Ar and Kr ion lasers. 

Motorized and piezo-electric drive stages  (e.g., Prior Scientific) can be added to the 

microscope setting. This allows moving the sample and taking spectra from specific locations 

along a pattern to generate Raman images, which display the spatial distribution of a Raman 

signature signal. 

A variety of wavelengths can be used with micro-Raman systems. Typically Ar lasers 

emission lines have been successfully used (e.g., 488 and 514.5 nm, or 244 nm with wavelength 

doubling). Newer semiconductor lasers provide reliable excitation at NIR wavelengths such as 

785 and 830 nm. Tunable lasers are available (e.g., Ti:sapphire  laser), especially suitable to look 

for resonances in resonance Raman spectroscopy. The availability of several excitation 

wavelengths allows selecting an ideal wavelength for each application. This can be invaluable in 

obtaining Raman spectra in resonance or pre-resonance areas, in detecting and avoiding 

fluorescence, or taking advantage of the theoretical higher Raman intensity at lower 

wavelengths.  

Microscope glass slides are commonly used to prepare meteorite fragments for analysis. 

These are easily measured in micro-Raman systems with magnifications up to 100X and spatial 

resolution up to 1.5 μm. However, care must be taken not to mistake glass or glue Raman and 

luminescence signals for mineral Raman signals. As an example for how to identify 

luminescence  peaks and distinguish them from the Raman peaks using different excitation 

wavelengths, we can look at the spectrum (Fig. 1.3) of an astrobiology analog sample (colonized 

“red” carbonate from Little Red Hill, CA). The spectrum shows the characteristic signature 

peaks of dolomite (177, 301 and 1098 cm-1) and some unidentified peaks in the range 1100 to 

2000 cm-1. Some of these peaks appear to come from induced phosphorescence from trace rare 

earth elements or from biologic fluorescence. If we take the spectrum at the same point with two 

different excitation wavelengths, 785 and 830 nm, the luminescence signals will be expected to 

shift in wavenumber, but when represented in the wavelength scale they will remain at the same 

positions while Raman peaks will be shifted  
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Figure 1.4: Black spot on clean brown surface of colonized “red” 
carbonate from Little Red Hill, CA, crystal: dolomite and unidentified 
peaks after 1100 cm-1. Green: exposure 10 seconds; 10 accumulations; 13 
mW; and 785 nm excitation. Red: exposure 5 seconds; 10 accumulations; 
10 mW; 830 nm excitation wavelengths. 

 
Figure 1.5: Raman and luminescence assignment of peaks recorded in the 
spectra of the colonized “red” carbonate from Little Red Hill, CA, shown 
in Fig. 1.4. 



17 

according to the wavenumber increment respect to the excitation wavelength. We can see in (Fig. 

1.4) how the Raman peaks are displaced in wavelength because they originate from a vibrational 

energy induced shift from the excitation wavelength, in this case 785 and 830 nm. 

Luminescence, however, originates from electronic excited states and its signals are fixed in the 

wavelength domain. An enlarged section (Fig. 1.5) of the Raman-luminescence mixed range 

between 850 and 950 nm, from which luminescence and Raman peaks can be easily 

distinguished, shows that most of the peaks in the area are indeed due to luminescence. 

1.2.2 Remote Raman instrumentation for daytime Raman detection 

Remote Raman systems add new traits to the Raman technique. The potential for 

performing Raman analysis remotely was envisioned in the 60s (Cooney, 1965) and remote 

Raman was first applied experimentally by Hirschfeld for long-range atmospheric measurements 

(Hirschfeld, 1974). Remote Raman measurements were first taken with a small system 

constructed in the 90s (Angel et al., 1992) with CW lasers.  In recent years, several research 

teams have been developing remote Raman systems in a wide range of applications (Carter et al., 

2005a; Gasda et al., 2015; Moros et al., 2011) and measurements distances have increased into 

the km range (Aggarwal et al., 2010). Earlier systems were based on CW lasers that require 

measuring in dark conditions. However, modern systems are fitted with pulsed lasers and gated 

detectors that allow for measurements during daytime (Sharma et al., 2006). For planetary 

science applications, larger measurement distances increase the effective exploration area of a 

planetary rover, saving mission time and increasing the number of accessible targets (Abedin et 

al., 2015; Angel et al., 2012; Sharma et al., 2006). A remote Raman system with daytime 

measurement capability and a distance capability on the order of hundreds of meters could also 

be developed (Klein et al., 2004) and can help best determine optimal sampling sites in future 

asteroid sample return missions such as NASA’s OSIRIX-Rex (Nakamura-Messenger et al., 

2014), or discriminate between ices and different sulfates in Europa from a low orbit (Carlson et 

al., 2009). A remote Raman system with Raman imaging capability would also have potential for 

determining mineral distribution and composition on a rock surface by comparing a set of Raman 

images collected for various minerals.  

The components of a remote Raman system are similar to those of a micro-Raman 

system: a laser, collection optics, optical filter and a spectrometer fitted with a detector. The  
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Figure 1.6: Schematics of a typical coaxial directly coupled Remote Raman system.  NF: 
Laser blocking filter (notch filter). 

 

major difference between remote and micro-Raman systems is the incorporation of a telescope 

for the collection of the scattered radiation. The generated Raman signal spreads almost 

spherically from the excitation spot (Damen et al., 1965), which in turn makes the irradiance of 

the measured Raman signal inversely proportional to the square of the measurement distance 

(Measures, 1992). The use of a telescope or other optics with large aperture is intended to 

increase the solid angle at which the system ‘observes’ the excitation spot, allowing analysis of a 

target meters away from the system. In other words, larger collection optics increase the 

collection of scattered light over larger solid angle to compensate the decreased photon flux at 

large measurement distance. Modern daytime capable remote Raman systems are fitted with 

gated lasers and detectors which can perform fast measurements of planetary analogs under 

daylight at increasing distances (Misra et al., 2012; Misra et al., 2011; Rull et al., 2011; Sharma 

et al., 2006; Sharma et al., 2009). The technique employs lasers and detectors that can send and 

receive signals in nanoseconds, allowing for full Raman spectrum measurements while 

minimizing daylight background and some of the long-lived luminescence that can undermine 

some Raman measurements (Blacksberg et al., 2016; Misra et al., 2005). Typical pulsed laser 
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sources are Nd-YAG lasers (1064 nm; 532, 355, and 266 nm frequency doubling and wave 

mixing wavelengths) and tunable Nd:YLF pumped Ti-Sapphire lasers (e.g., 785 nm wavelength) 

for infrared excitation. Intensified charge-coupled devices (ICCD) are extensively used with 

pulsed lasers. The schematics of a typical remote Raman system (Fig. 1.6) usually has the laser 

head placed close to the telescope and the system is set up in coaxial geometry such that the 

optical axis of the laser beam is brought to the optical axis of the telescope by two laser specific 

dielectric mirrors. This geometry allows keeping the same optics alignment at different 

measurement distances. 

Previous studies (Gasda et al., 2015; Misra et al., 2005) show that direct optical coupling 

between the telescope and the spectrometer is more efficient than fiber coupling or other 

methods. In the direct coupling configuration, the light collected by the telescope is focused into 

the spectrometer slit by means of a positive aspheric achromatic lens. The best results are 

obtained when the telescope focus, the coupling lens and the coupling distance between both are 

chosen to obtain an image of the laser spot on the slit that is smaller than the slit. Moreover, the 

converging angle of the final beam forming the slit image should not exceed the numerical 

aperture of the spectrometer. The addition of a laser beam expander in the laser path allows 

modifying the laser spot size at a distance and thus the irradiance of the laser on the samples. The 

beam expander can then be used to adjust for sample sensitivities and avoid damage, control the 

beam at large distances or focus the spot to add LIBS capabilities to the system (Sharma et al., 

2006; Wiens and Maurice, 2016). It is useful to mount remote Raman systems on pan & tilt 

stages to provide pointing capabilities and make portable systems to use in the field. Finally, the 

camera and the laser are synchronized through a trigger signal. The camera is timed to the 

Rayleigh-Raman signal arrival and the measurement gate adjusted for the laser pulse length. For 

short laser pulses (<20 ns and 10-20 mJ per pulse) the Raman intensity is greater than ambient 

daylight, thus allows for daytime measurements. Modern remote Raman systems have been 

successfully used in daylight to measure geological samples in chambers simulating Mars and 

Venus conditions (Sharma et al., 2007; Sharma et al., 2011) and minerals or organics in open air 

and broad daylight at distances up to 430 m (Misra et al., 2012; see Chapter 5). 
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1.3 Purpose of the dissertation 
The research I present in this dissertation is aimed to illustrate the potential of Raman 

spectroscopy in different areas of planetary geology. It is also intended to provide new science 

advancements, essential data for Raman spectra interpretations and new reporting of Raman 

instrumentation developments.  

Raman spectra carry a wealth of information but are not simple to measure, and often low 

signal or fluorescence interference hinders the measurement. Therefore it is fundamental to 

develop techniques and apply technological advances to make Raman spectroscopy more 

versatile. Once a measurement is taken, its interpretation requires the use of the accumulated 

Raman database available in the literature since the late 1920s. This dissertation aims, in part, to 

add knowledge to the database in the field of planetary science and to develop and apply 

measurement techniques that could be used with great advantage by Raman users and scientists. 

As stated in the motivation section, two upcoming planetary missions are going to be sent 

to Mars carrying Raman spectrometers in their payloads (Rull Perez and Maurice, 2016; Wiens 

and Maurice, 2016). NASA’s mission will be equipped with remote Raman capabilities. Using 

remote and micro-Raman instrumentation this dissertation also aims to provide a baseline for 

what can be expected from measured samples of interest related to planetary science, such as 

geologic materials, organic compounds or water. Finally, with this dissertation I contribute in the 

development of better more suitable remote systems: sensitive and with longer measurement 

range; and more compact and with lower power consumption; with the intention of making space 

worthy instrumentation. 

 

1.4 Organization of the dissertation 
This chapter is the introduction. It presents Raman spectroscopy theory and applications 

to familiarize the reader with the Raman spectroscopy potential and possibilities for 

development. Important references on Raman spectroscopy are listed for the readers for further 

reading on the topic. It also describes the micro-Raman technique and the current state of remote 

time-resolved Raman instrumentation.  

The contribution in the micro-Raman field is contained in Chapter 2, dedicated to micro-

Raman mapping of mineral phases in a highly shocked ordinary chondrite. It is published as 
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Acosta-Maeda et al. (2013) in a peer-review journal. It shows the reader how a comprehensive 

Raman study of the phases, relationships, chemical composition and some crystal structures in a 

planetary geology sample could help identifying new chemical phases, always correlating with 

other technique for data validation. Preliminary data for this chapter were published in 

conference abstracts (Acosta et al., 2012a; Acosta et al., 2012b).  

Chapters 3, 4 and 5 are contributions to the field of remote Raman and its application to 

planetary science. Chapter 3 presents measured values of the differential Raman cross sections of 

a large number of chemicals, including different nitrates, sulfates, carbonates, phosphates and 

organic liquids, for a remote Raman configuration. These cross sections could help in estimating 

detection limits of the chemicals at various target ranges for remote Raman systems. I initially 

took measurements to determine the differential cross section for the 801 cm-1 vibrational mode 

of cyclohexane. Then I used the obtained result as a standard to determine the Raman cross 

sections of a set of selected samples by the relative intensities of their measured Raman peaks. 

The selected samples are of interest to planetary geology and astrobiology. The contents of this 

chapter have been accepted for publication in a peer-reviewed journal (Acosta-Maeda et al., 

2016b).  

Chapter 4 presents measured spectra of amino acids taken with a miniaturized remote 

Raman instrument (Gasda et al., 2015). This study demonstrates the detection of amino acids and 

nucleobases from a distance of 8 m using a portable, compact remote-Raman instrument. The 

remote Raman system is well suited for planetary exploration applications, with no requirement 

for sample preparation or collection, and rapid measurement times of astrobiology relevant 

samples.  The chapter provides useful information in validating the concept that a remote Raman 

system would be helpful in detecting life in other planets. The results of this study were 

published as a conference abstract (Acosta-Maeda et al., 2014) and will take part of a future 

peer-reviewed publication, currently in preparation.  

Chapter 5 shows good quality Raman spectra of various materials from a 430 meter 

distance. The data were collected using a pulsed remote Raman system with an 8” telescope 

during daytime, which shows the detection capabilities of a current state of the art remote Raman 

system developed at the University of Hawai‘i. The remote Raman spectra taken at that distance 

provide significant advancement for the unambiguous detection of compounds important for 
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planetary science, such as water and water ice, sulfur and various minerals. A summary of the 

results of this chapter has been published as a conference abstract (Acosta-Maeda et al., 2016c) 

and a more extended version has been submitted for publication in a peer review journal 

(Acosta-Maeda et al., 2016a). 

Chapter 6, the conclusions, will put the findings of this dissertation into context and 

signal some future work.  
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CHAPTER 2: MICRO-RAMAN MAPPING OF MINERAL PHASES IN 

THE STRONGLY SHOCKED TAIBAN ORDINARY CHONDRITE 
 

Published in its present form as Acosta-Maeda, T.E., Scott, E.R.D., Sharma, S.K., and Misra, 

A.K. (2013) The pressures and temperatures of meteorite impact: Evidence from micro-Raman 

mapping of mineral phases in the strongly shocked Taiban ordinary chondrite. American 

Mineralogist, 98, 859-869. 
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2.1 Abstract 

Taiban is a heavily shocked L6 chondrite showing opaque melt veins. Raman 

spectroscopy was used to characterize the high-pressure silicate assemblages in a thin section 

crossed by a shock-created 4 mm wide melt vein. Raman spectra using different excitation 

wavelengths allowed identification of mineral phases such as olivine, wadsleyite, ringwoodite, 

high-Ca clinopyroxene, majorite-pyrope, jadeite, maskelynite, and lingunite. Fe-depleted olivine 

in contact with the ringwoodite suggests chemical fractionation during a solid-state olivine-

ringwoodite transformation. Raman imaging revealed a close correlation between the blue 

ringwoodite color and the peak observed at 877 cm–1. This signal shows strong near-resonance 

Raman enhancement when measured with near-IR excitation lines (785 and 830 nm) close to the 

optical absorption bands of the ringwoodite. The blue color of the ringwoodite is likely caused 

by a small amount of iron in four-fold coordination inside the spinel structure, and that yields the 

observed spectral features in differently colored ringwoodite. Under the formation conditions of 

the studied silicate pocket, all enstatite transformed to a majorite-pyrope solid solution, whereas 

the high-Ca clinopyroxene likely remained unchanged. Maskelynite grains in the margins of the 

pocket often contain lingunite or are totally transformed to jadeite. Based on static high-pressure 

results, the mineral assemblages in the pocket suggest peak pressure in the 17–20 GPa range with 

maximum temperature (Tmax) in the range 1850–1900 K as the formation conditions for this 

Taiban chondrite during shock. 

 

2.2 Introduction 

High-pressure polymorphs of major minerals are commonly found in shocked meteorites. 

During the formation and later evolution of the Solar System (Raymond, 2010; Wetherill, 1980), 

asteroids repeatedly collided with each other and with larger bodies triggering shock waves. 

Meteorites that underwent such shock waves show different shock effects depending on the peak 

pressures and temperatures, and duration of the collision events (Stöffler et al., 1991). 

Minerals commonly found in or near melt veins in highly shocked chondrites include 

ringwoodite, majorite, wadsleyite, magnesiowüstite, akimotoite, lingunite, silicate–perovskite, 

and maskelynite (Chen and El Goresy, 2000; Chen et al., 1996; Ferroir et al., 2008; Mori, 1994; 

Price et al., 1983 ; Sharp et al., 1997; Tomioka and Fujino, 1997; Xie et al., 2006). As the shock 
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front triggered by a collision spreads through the irregularities of the rock, melt veins and 

shocked pockets form depending on pressure and temperature conditions and the properties of 

the rock at each point. High-pressure phases form by solid-state transformations of the original 

minerals or fractional crystallization from the melt. Based on results from static high-pressure 

and shock recovery experiments, the observed crystallization assemblages can aid in constraining 

the conditions of melt vein crystallization (Sharp and De Carli, 2006). However, these methods 

present some difficulties. Shock recovery experiments probably produce lower temperatures and 

shorter shock durations than natural impacts. Similarly, equilibrium phase diagrams obtained 

from static high-pressure experiments fail to reproduce the large departures from equilibrium that 

mineral phases experience during shock. Furthermore, static experiments do not produce direct 

transformation from low-pressure phases without forming intermediate structures (e.g., olivine to 

ringwoodite without forming wadsleyite) (Sharp and De Carli, 2006; Stöffler et al., 1991; Xie 

and Sharp, 2007; Xie et al., 2006) 

Ringwoodite γ-(Fe,Mg)2SiO4 is the high-pressure polymorph of olivine with spinel 

structure. It is found as a rare mineral in shocked meteorites and arguably in impact craters by 

transformation from olivine, and is considered to be the major constituent of the lower part of the 

mantle transition zone (Binns et al., 1969; Ringwood, 1975; Rull et al., 2007). Thus, the physical 

properties of the ringwoodite are key to understanding the behavior of that zone in the Earth’s 

interior. The mineral has also been the subject of abundant research since its discovery by Binns 

et al. (1969) in the Tenham meteorite (e.g. Gupta and Goyal, 2011; Madon and Poirier, 1983; 

Mosenfelder et al., 2001; Price et al., 1982; Sinogeikin et al., 2003). Raman spectroscopy has 

been used extensively to assess the nature of the olivine polymorphs and other shock-induced 

phases (e.g. Chen et al., 2007a; Miyahara et al., 2008; Zhang et al., 2006). However, only a few 

studies have taken advantage of the potential for Raman spectroscopy to provide compositional 

and structural information on the shock-induced ringwoodite phases (e.g., Feng et al. 2011) . 

Micro-Raman spectroscopy has been used successfully to provide unequivocal 

identification of minerals and glassy phases in meteorites and to obtain additional information on 

structural and compositional variations inside mineral grains (Cooney et al., 1999; Fries et al., 

2011; Wang et al., 2001; Wang et al., 2004). In combination with a microscope and an 

automated X-Y-Z stage, Micro-Raman spectroscopy can resolve sample sizes as small as 1 μm 
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and place the data in its spatial context. Raman mapping, or Raman imaging, is a powerful 

technique that combines the mineralogical information included in the Raman spectra with 

spatial distribution, thus provides additional information on the petrography of the studied rocks 

and allows for constraints on the crystallization histories (Fries et al., 2011; Frosch et al., 2007; 

Miyahara et al., 2008; Steele et al., 2007).  

 

2.3 Sample 

Taiban is a very strongly shocked, shock stage S6 ordinary L6 chondrite found in De 

Baca County, New Mexico, in 1975 (Lange et al., 1980). It shows multiple veins of opaque 

shock melt produced by shearing during the shock event that extracted the meteorite from its 

parent body. The melt veins form a network of complex branches surrounding pockets of highly 

shock-altered, mosaicized (i.e., made into a mosaic), relict, or recrystallized silicates, and their 

high-pressure polymorphs, along with droplets of immiscible troilite and metallic inclusions. 

Outside the melt vein, olivine forms a mosaic only with diapletic plagioclase glass (maskelynite) 

interstitial to olivine and the different pyroxenes (Scott et al., 2004; Stöffler et al., 1991). The 

studied polished thin section UNM297 (Fig. 2.1) is intersected by a 4 mm wide melt vein in 

which the shock silicate pockets are dominated by blue and white ringwoodite crystals that range 

in size from 10 to 100 μm. As ringwoodite is assembled in clasts within the vein and the 

surrounding white matrix, the high-pressure phase did not crystallize from the impact melt (Scott 

et al., 2004). Minor amounts of host olivine and the intermediate phase β-(Mg,Fe)2SiO4 

wadsleyite also appear associated with the ringwoodite. The white matrix is composed mainly of 

pyroxenes (high-Ca clinopyroxene and jadeite) and the high-pressure garnet polymorph of 

pyroxene, majorite. Plagioclase quenched to glass is conspicuous in the vicinity of the melt vein 

but was not found inside the lithic pockets or the melt areas; maskelynite grains have flow 

textures filling gaps between olivine and pyroxene. No lamellar intergrowth structures of 

ringwoodite and olivine were found so far in Taiban meteorite under optical microscope and 

SEM observations.  
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Figure 2.1: (a) Transmitted light photomicrograph of the black melt vein of the Taiban 
meteorite. Pockets inside the vein contain pyroxene (px) assemblages, blue and white 
ringwoodite grains (rgt), and relict plagioclase glass (pl). Ringwoodite tends to be clearer in 
color toward the mid-section of the vein, approximately in the bottom right corner of this 
image. Black areas contain metal-sulfides, iron oxides, and metal inclusions, among other 
submicrometer phases. The host rock is mainly composed of assemblages of olivine, enstatite, 
high-Ca pyroxene, and plagioclase totally transformed to maskelynite. (b) Backscattered 
electron image of the silicate pocket located in the center of the above image. 
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2.4 Methods 

Raman spectroscopy with different excitation wavelengths was used in combination with 

optical images. Raman spectra were taken with three different instruments at the University of 

Hawai’i. Spectra with 785 nm excitation wavelength were taken with a Kaiser Optical Systems’ 

micro-Raman system. The system is composed of a 785 nm Invictus diode laser, a Leica 

microscope with imaging capabilities, a Kaiser Holospec spectrometer, and an Andor CCD 

camera. A 100 μm optical fiber transmits the laser light to the microscope and the Raman signal 

to the spectrometer. The laser is focused and the signal is observed through a 100× objective 

mounted on the microscope in backscattering geometry; the laser spot size on the sample was 2 

μm. The system has a spectral range of 150–3300 cm–1. Typical acquisition time was 150 s and 

laser output power was limited to 10 mW, after making sure no sample damage was induced at 

that power. To look for resonance Raman effects and allow assessment of Raman peaks vs. 

fluorescence peaks, additional spectra were taken with a Renishaw inVia micro-Raman system 

coupled with a 830 nm Invictus diode laser, a 244 nm frequency doubled Ar ion Lexus laser, and 

a 514.5 nm Ar ion laser. The microscope and spectrometer are coupled through optical mirrors 

and all the optics can be set to accommodate different wavelengths. The 514.5 and 830 nm lasers 

were focused on the sample through a 100× objective that also acted as a signal collector; laser 

spot sizes were approximately 2 μm for both wavelengths. Because of high absorption in the UV 

range, a 40× UV objective was used for the 244 nm line, which focuses the beam down to 5 μm 

spot size. Laser powers were kept under 5 mW for 830 nm, 1 mW for 514.5 nm, and 0.2 mW for 

244 nm to avoid laser-induced heating or sample photo-damage. Raman spectral ranges were 

120–1600 cm–1 for 830 nm, and from 300–4000 and 500–4000 cm–1 for 514.5 and 244 nm, 

respectively. 

Spectra with 532 nm excitation were collected using a WiTec Alpha300R confocal 

Raman microscope with a frequency doubled Nd-YAG laser (Coherent Compass) beam at 532 

nm. The power of the 532 nm laser beam at the sample was 3 mW. All the spectra were acquired 

through a 100× objective with 300 s exposure time and a laser spot of around 2 μm. The Raman 

systems used for this study have a peak resolution of 6 cm–1 for the 514, 785, and 830 nm Raman 

systems, and 10 and 12 cm–1 for the UV 244 and 532 nm Raman systems, respectively (using the 

FWHM of the 1085 cm–1 calcite line measured with the various Raman systems). The mineral 
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assemblages in the thin section of the Taiban meteorite were observed in transmitted, reflected, 

and cross-polarized light. Different areas were examined inside and outside the ∼4 mm melt 

vein. The main focus of the study was a silicate pocket inside the melt vein, surrounded by 

quenched glass. Outside the melt vein silicates have milder shock effects with the conspicuous 

presence of maskelynite. 

For detection of minor phases, line and area scans were performed with the aid of an X-

Y-Z stage with submicrometer accuracy in addition to point Raman measurements for 244, 785, 

and 830 nm. The sample was scanned under the laser beam in 2D for a Raman chemical image. 

Typically, step distances were chosen to match the 2 μm laser spot size and exposure times were 

set to 150 s. Data obtained during mapping runs were examined to locate the minor phases and 

obtain typical spectra for each phase to generate the Raman images. Typical images cover an 

area of approximately 600 μm2 over 12 × 12 pixels and each phase was identified by its Raman 

signature peaks. Map intensity scales were generated by integrating the area or the peak height of 

each of the phases: the 856 cm–1 peak for olivine; 1013 cm–1 peak for high-Ca pyroxenes; 929 

cm–1 peak for majorite; 799 cm–1 peak for ringwoodite; and 877 cm–1 peak for blue ringwoodite. 

Background subtraction and cosmic ray removal software processing was applied for each 

acquisition. Additional processing was needed to remove the small contribution of the 

microscope slide substrate and epoxy resin to the Raman signal. This was necessary for mineral 

phases transparent to the laser light at each wavelength. Representative spectra from the substrate 

were obtained at the edges of the slide and then subtracted from each of the spectra. Spectra 

operations and curve fittings were performed with the Grams/AI 8.0 software package (Thermo-

Fisher Scientific, Inc.). 

After the Raman measurements, the thin section was coated with carbon and studied with 

an electron microprobe (JEOL JXA-8500F) equipped with 5 tunable wavelength-dispersive 

spectrometers at the University of Hawai’i. Mineral chemical analyses were performed with a 

beam energy of 15 keV, a beam current of 15 nA, and an electron beam diameter of typically 5 

μm. A combination of natural and synthetic standards was used for the calibration. Oxygen was 

calculated by cation stoichiometry and included in the matrix correction. Typical detection limits 

were 0.010 wt% for AlKα, 0.012 wt% for PKα, 0.014 wt% for NaKα, 0.019 wt% for TiKα, and 
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0.035 wt% for MnKα. The matrix correction method was ZAF or Phi-Rho-Z calculations and the 

mass absorption coefficients data set was LINEMU. 

 

2.5 Results and discussion 

Raman spectra imaging and single point measurements were taken in and around the 

biggest ringwoodite crystal (Figure 2.2). Some additional spectra were recorded in other areas of 

the white matrix, other silicate pockets, and in several points in the mineral assemblages outside 

the melt vein. 

2.5.1 Olivine, wadsleyite, and ringwoodite 

Raman signature peaks of olivine are found at several points in and around the 

ringwoodite. The spectra of the grains within the ringwoodite and between grains show the 

characteristic peaks of olivine at 824 and 856 cm–1, referred to as DB1 and DB2 bands, 

respectively (after Kuebler et al. 2006), in good agreement with the shifts found in forsterite 

(Chopelas, 1991a). This pair originates from the Si-Onb bond stretching in the [SiO4]4– 

tetrahedral and have a mixed character of υ1 and υ3 modes (Lam et al., 1990). An additional 

olivine peak appears at 962 cm–1 within the ringwoodite and in the olivine filling the 1 μm crack 

between the ringwoodite grains. Olivine and pyroxene-majorite assemblages or the melt vein are 

in direct contact with the ringwoodite around the rest of the perimeter. According to a Raman 

composition calibration of olivine developed by Kuebler et al. (2006), olivine intermingled with 

the ringwoodite inside the lithic pocket in the melt vein is Fo88, while olivine filling the 1 μm 

crack is Fo94. In the host rock, olivine is Fo78 (Fig. 2.3, Tables 2.1 and 2.2). The olivine inside 

the pocket is intermingled with the ringwoodite formed after shock and found in small grains 

showing dendritic textures or filling the 1 μm crack between ringwoodite grains (Figs. 2.2 and 

2.4). The discrepancy in the calculated Fo content of the olivine located within the ringwoodite 

most likely results from the difference in sampling depth between the two techniques and the 

Raman spectra of that area showing a contribution of both olivine with dendritic shapes and 

ringwoodite, thus inducing a bigger error in the estimation of the Raman peak positions. 

Alternatively, the DB1 and DB2 have been shown to shift during high-velocity shock 

experiments with impact speeds over 5 km/s (Harriss and Burchell, 2016). The olivine in the host 

rock is predominantly fine-grained (however, crystals up to 100 μm are found in some areas) and
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Figure 2.2: (a) Raman maps and phase distributions inferred from additional 2-D maps, 1-D 
lines, and single point measurements around the studied ringwoodite crystal. The ringwoodite 
is surrounded by pyroxenes and majorite assemblages. High-Ca pyroxene appears both alone 
and with jadeite in the Raman spectra of this area. Fe-depleted olivine is present in minor 
grains at the boundaries of the ringwoodite grain (Fo88) and along the 1 μm crack separating 
the ringwoodite grains in the center and in the bottom of this image (Fo94). (b) Backscattered 
electron image of the same area. Olivine appears darker than the ringwoodite and pyroxene 
crystals. White dots show EMPA measurement points. The clear circle in the ringwoodite is 
due to damage of the carbon coating by the electron beam. 
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is also found in inclusions and among high-Ca 

and low-Ca pyroxenes, and maskelynite. 

Spectra taken at the inner points of the 

crystal show Raman fingerprints of pure 

ringwoodite. The vibrations located at 301, 589, 

799 (referred to as RA1), and 844 cm–1 (referred 

to as RA2) correspond to ringwoodite, γ-

(Fe,Mg)2SiO4. These vibrations have also been 

observed in natural ringwoodite lamellae in the 

Sixiangkou meteorite (Chen et al., 2007a), 

NWA 1662 (Taran et al., 2009), and in synthetic 

ringwoodite (Akaogi et al., 1984; Chopelas et 

al., 1994; Kleppe et al., 2002b; McMillan and 

Akaogi, 1987). The Raman mode at 844 cm-1 

corresponds to pure Si-O bond stretching, A1g 

symmetry. The signals found at 301, 589, and  

799 cm–1 are T2g modes, opposite oscillations of 

the two tetrahedral centers (Yu and 

Wentzcovitch, 2006). RA1 and RA2 probably 

Table 2.1: Peak positions of DB1 and DB2 Raman spectra of olivine recorded in different 
lithologies of the Taiban meteorite.  

Olivine location DB1     DB2     Fo(%) Fo(%) 

Ol in crack 823.8 856.4 93.8 93.6 

Ol within 823.4 856.8 87.6 92.1 

Ol host rock 820.9 852.4 77.8 75.5 

Note: Mg/(Mg+Fe) ratios are calculated both using the Raman calibration developed by 
Kuebler et al. (2006) and by EPMA. The Raman calculated values are within Fo±10%, the EPMA 
values are within Fo±5%. 

Figure 2.3: Olivine inside the pocket in the 
melt vein (A) and in the host rock (B) a few 
millimeters away from the melt vein in the 
same microscope slide. The olivine inside the 
pocket is intermingled with the ringwoodite 
formed after shock. The olivine in the host 
rock is fine grained and found among 
pyroxenes. Raman lines are shifted up inside 
the melt vein indicating a higher Fo content 
than the host olivine. 
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have a mixed character of υ1 and υ3 modes, 

similar to that observed for the olivine doublet 

DB1 and DB2. Additional measurements taken 

with excitation wavelengths, 244, 514.5, and 

830 nm confirm that the peak observed at 877 

cm–1 corresponds to the ringwoodite structure. 

The same peak was observed in other 

meteoritic and synthetic ringwoodite and 

researchers have proposed that it is caused by 

the presence of a defect-induced vibrational 

mode, by a inverse spinel structure in which the 

Mg and Fe ions are both in fourfold and sixfold 

coordination, or by the presence of glassy 

material (Kleppe et al., 2002a; Nagy et al., 2010a; Nagy et al., 2010b). The intensity of the 877 

cm–1 signal (Figs 2.5 and 2.6) presents a remarkably accurate spatial correlation with the color 

observed by optical microscopy and polarized light. The intensity is higher when the ringwoodite 

is deep blue, intermediate in clear blue areas, and absent when the ringwoodite is colorless. This 

applies to at least five different ringwoodite grains of different and variable colors observed with 

different instruments, ruling out crystal orientation being the cause of the 877  

cm–1 peak. The ringwoodite spectra also show twofold broadening of line widths in blue 

ringwoodite with a comparable 877 cm–1 peak contribution with respect to the lines RA1 and 

RA2. White ringwoodite, with a negligible 877 cm–1 contribution, shows a half width of 22 cm–1 

for the RA1 peak, whereas blue ringwoodite shows an increased half width to 54 cm–1. 

The ringwoodite spectrum shows additional bands at 495 cm–1 and a strong band at 225 

cm–1 with a shoulder at 175 cm–1. These bands (also observed by Sharp et al. (2009)  and Taran 

et al. (2009) for blue ringwoodite) are not the result of fluorescence because they are observed at 

the same Raman shift with 532, 785, and 830 nm laser excitation wavelengths. As in the 

observations of Sharp et al. (2009) and Taran et al. (2009), these bands appear only for blue 

ringwoodite when excited with a 532 laser. They are observed, however, for both clear and blue 

ringwoodite when each is excited with near-IR wavelengths (785 and 830 nm), although the 

Figure 2.4: Olivine showing dendritic textures 
intermingled with the ringwoodite grain. Inset 
shows the same area in backscattered electrons 
image; scale bar is 10 μm. 
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Table 1.2: EPMA of minerals in the Taiban chondrite. 
Maj Cpx Rgt l-bl Rgt cl Rgt bl Rgt cl2 Ol crk Ol 1 Ol 2 Ol 3 Ol host 

wt% 
SiO2 52.99 53.87 37.73 37.95 37.38 36.80 40.47 40.63 40.38 40.80 37.35
TiO2 0.17 0.46 - 0.02 - - - - - - -
Al2O3 0.18 0.53 - 0.01 - 0.01 0.06 0.32 0.32 0.13 0.01
Cr2O3 0.10 0.77 - 0.18 - 0.07 0.01 0.02 0.02 0.01 0.02
FeO 14.53 4.89 24.82 24.69 25.96 25.28 6.42 8.46 7.47 6.26 22.55
MnO 0.48 0.23 0.11 0.10 0.03 0.06 1.67 2.01 2.04 2.02 0.53
MgO 28.33 16.87 37.17 37.28 36.28 37.12 49.19 48.11 48.37 50.02 38.89
CaO 0.70 21.85 0.05 0.07 0.04 0.02 0.04 0.06 0.07 0.07 0.03
NiO - 0.04 - - 0.04 - 0.07 0.25 0.28 0.09 0.02
P2O5 0.03 0.02 0.06 0.01 0.08 0.02 0.07 0.01 0.01 0.02 0.03
Na2O 0.01 0.48 0.01 - 0.01 0.01 - - - - 0.01
Total 97.53 100.02 99.96 100.32 99.85 99.42 97.98 99.88 98.97 99.42 99.44
Fo% 72.75 72.91 71.36 72.35 93.17 91.02 92.02 93.44 75.46

Calculated cations per formula unit 
Si 3.9180 1.9749 0.9934 0.9949 0.9911 0.9793 1.0030 0.9992 0.9985 0.9979 0.9820
Ti 0.0097 0.0126 - 0.0004 - - - - - - -
Al 0.0154 0.0229 - 0.0003 - 0.0003 0.0016 0.0092 0.0093 0.0039 0.0002
Cr 0.0059 0.0223 - 0.0037 - 0.0015 0.0002 0.0003 0.0003 0.0001 0.0005
Fe 0.8986 0.1500 0.5466 0.5414 0.5756 0.5627 0.1331 0.1741 0.1546 0.1280 0.4958
Mn 0.0303 0.0072 0.0025 0.0022 0.0007 0.0014 0.0350 0.0419 0.0428 0.0419 0.0117
Mg 3.1231 0.9218 1.4591 1.4572 1.4340 1.4725 1.8172 1.7639 1.7830 1.8239 1.5244
Ca 0.0552 0.8584 0.0013 0.0020 0.0013 0.0007 0.0010 0.0016 0.0019 0.0018 0.0008
Ni - 0.0012 - - 0.0008 - 0.0015 0.0050 0.0056 0.0018 0.0004
P 0.0016 0.0006 0.0014 0.0002 0.0019 0.0004 0.0014 0.0001 0.0003 0.0004 0.0006
Na 0.0019 0.0344 0.0003 - 0.0008 0.0006 - - - - 0.0008
O 12 6 4 4 4 4 4 4 4 4 4
Notes: Mjt = majorite; Cpx = high-Ca pyroxene; Rgt-bl = blue ringwoodite, Rgt cl = colorless ringwoodite, Rgt bl = blue 
ringwoodite, Rgt cl2 = clear ringwoodite in different crystal. Ol crk = olivine in the crack of the studied ringwoodite; Ol 1, Ol 2, 
Ol 3 = three measurements of olivine within the studied ringwoodite crystal; Ol host: olivine in the host rock. Fo% =  
[Mg/(Fe+Mg)] × 100. 



bands are less intense in the clear 

samples. These bands probably 

correspond to translational lattice modes 

in the ringwoodite structure because the 

positions are close to those measured for 

lattice modes of forsterite (Iishi, 1978). 

Raman and IR measurements also show 

that it is anhydrous ringwoodite, because 

no O-H modes have been detected under 

244 or 514.5 nm excitation wavelengths 

or in infrared absorption spectra of both 

blue and clear samples. Minor amounts of 

wadsleyite are inferred from weak Raman 

peaks at 723 and 919 cm–1, observable 

under 514.5 nm excitation (Chopelas, 

1991b; McMillan and Akaogi, 1987). 

Observations from other meteorites show 

two different mechanisms for the 

transformation from olivine to its high-

pressure polymorphs. These are 

incoherent nucleation on olivine grain 

boundaries or coherent intracrystalline 

nucleation of ringwoodite (Chen et al., 

2006; Kerschhofer et al., 1998; 2000; 

1996; Kubo et al., 2004; Ohtani et al., 

2004; Putnis and Price, 1979). More 

recent meteorite observations (Feng et al., 

2011; Miyahara et al., 2008) suggest 

fractional crystallization of wadsleyite 

and ringwoodite from a melt of olivine 

composition. Ringwoodite in the Taiban  

  

Figure 2.5: Raman spectra of (A) colorless and 
(B) deep-blue ringwoodite. The intensity of the 
877 cm–1 peak is enhanced in the blue 
ringwoodite due to the resonance Raman Effect 
with excitation at 785 nm. Several new bands 
also appear in the low-frequency region for 
deep-blue ringwoodite. 785 nm laser excitation, 
10 mW power output, 150 s acquisition time. 
(C) Curve-fitting result for the spectrum of 
deep-blue ringwoodite with Lorentz-Gauss 
curve shapes. 830 nm laser excitation, 5 mW 
power output, 300 s acquisition time. 
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meteorite contains minor amounts of wadsleyite and olivine that is depleted in Fe (to different 

extents) with respect to the host olivine (Fo78–Fo94, Tables 2.1 and 2.2) in the vicinity of the 

ringwoodite grains. Thus, our results suggest that some chemical fractionation took place. 

The size, shape, and assemblages of the ringwoodite clasts in the pyroxene white matrix 

entrained in the melt vein, and the absence of wadsleyite crystals, suggest a solid-state 

transformation. Reflected light microphotography of the relict Fe-depleted olivine entrained 

in the bigger ringwoodite crystal shows darker olivine surrounded by ringwoodite resulting 

from the difference in light reflection coefficients between the two fractionated polymorphs 

(Fig. 2.4). The dendritic textures of the olivine core are similar to those reported by Xie et al. 

(2012)  in olivine cores inside ringwoodite rims in GRV022321 and support the idea of a 

solid-state transformation with diffusion controlled growth between olivine and ringwoodite. 

  

 
Figure 2.6: Composition of Raman images showing the intensity of the 877 cm-1 peak in 
the ringwoodite grain. The peak is more intense in the red areas, showing the close 
correlation between the intensity of the peak and the blue ringwoodite color. The 
arbitrary color scale shows the integrated area of the peak between 860 and 900 cm-1. 
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Figure 2.7: Variation in the relative intensity of 
the peaks RA1, RA2, and 877 cm–1 in blue 
ringwoodite far from grain boundaries with 
various laser excitation wavelengths due to 
resonance Raman Effect. Excitation 
wavelengths, laser power, and acquisition times 
are (A) 244 nm, 0.5 mW and 1800 s; (B) 514.5 
nm, 1 mW, and 600 s; (C) 785 nm, 10 mW, and 
150 s; and (D) 830 nm, 5 mW, and 300 s, 
respectively. 

Ideally, the approximate composition 

of ringwoodite can be inferred from the 

Raman peaks (Feng et al., 2011). The main 

peaks measured in the bulk of the 

ringwoodite grain are two major vibrations 

located at 798.8 and 843.2 cm–1. Near the 

boundaries of the grain, the peaks are 

shifted to 797.5 and 843.5 cm–1 near the 

majorite, and to 798.7 and 844.3 cm–1 near 

the crack filed with olivine. This suggests 

slight differences in Fe and Mg ion 

content. Pure anhydrous γ-MgSiO4 forms 

clear colorless crystals with vibrations at 

796 (RA1) and 835 cm–1 (RA2) (Chopelas 

et al., 1994) whereas hydrous γ-

(Mg0.89Fe0.11)SiO4 ∼1.6 wt% H2O is blue 

and the RA2 peak is shifted toward higher 

frequencies, 841 cm–1. However, the 

position of the RA2 peak is not dependent on ringwoodite Fe-Mg contents, despite ranging 

from 835 to 849 cm–1 (Feng et al., 2011). The ringwoodite studied in the Taiban meteorite 

would be equivalent to 72–78% Fo according to the Raman calibration developed by Feng et 

al. (2011),  however that calibration is not reliable near pure Fo values and is not consistent 

with earlier measurements (Chopelas et al., 1994; McMillan and Akaogi, 1987). 

Nevertheless, the Raman calculated values in our study fall within ±6% Fo when compared to 

the EPMA results (Table 2.2). The Raman pattern observed in Taiban is close to those of the 

ringwoodite γ-(Mg0.8,Fe0.2)2SiO4 in the Tenham meteorite, 799 and 845 cm–1 (Sato and 

Nakamura, 2010), and some of the ringwoodite in the lamellae of the Sixiangkou meteorite 

(22–24 wt% FeO), 799 and 844 cm–1 (Chen et al., 2006). A possible explanation for this 

small shift found in the natural ringwoodite in these meteorites could be the presence of 

residual stress from the shock that triggered the transformation or the following relaxation. 

Sazonova et al. (2006) measured shifts of the RA1 peak up to 814 cm–1 (814, 843; and 812, 

846, in two different spectra) in ringwoodite containing Al up to 9 wt%, Ti up to 0.2 wt%, 

and K up to 1 wt% synthesized in a shock experiment from biotite. Thus, the presence of 
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some ions dissolved in the ringwoodite, namely Al, Ti or K, could also affect the position of 

the RA1 Raman line of ringwoodite. EPMA results show that the position changes can also 

be caused by slight variations in Ti, Cr, Mn, and P content in different points in the 

ringwoodite.  

The cause of the blue ringwoodite color has been discussed in the past but it still 

remains mostly unknown. Lingemann and Stöffler (1998) and Price et al. (1979) observed 

glassy material around ringwoodite crystals in blue colored aggregates. However, this glassy 

material was not present in the colorless ringwoodite in the Sixiangkou meteorite (Chen et al., 

1996). Iron has been ruled out as the cause of the blue color because of the absence of 

correlation between the ringwoodite color and the iron content (Coleman, 1977; Lingemann 

and Stöffler, 1998; Taran et al., 2009). Lingemann and Stöffler (1998) proposed that the blue 

color is caused by the light-scattering effect produced by the glassy material, and Nagy et al. 

(2011) suggested that the color results from scattering in grain boundaries in submicrometer 

grains. However, Taran et al. (2009) performed transmission electron microscopy on two 

foils from a colorless to dark blue ringwoodite grain but found no glassy phase in the colored 

areas. The color of the ringwoodite in the Taiban meteorite varies gradually within the 

mineral grains. Colorless areas coexist with blue to dark blue zones forming bubbly or 

filament patterns inside otherwise completely homogeneous mineral grains. In this study I 

found a relation between the Raman spectra and the color of the ringwoodite (Fig. 2.6). I 

assume the 877 cm–1 peak has remained mostly unnoticed in previous Raman measurements 

(with the exception of Kleppe et al. 2002a and Nagy et al. 2010a, 2010b) because of the 

strong dependence of the Raman signal on the excitation wavelength. The 877 cm–1 peak is 

not observable with 244 nm laser excitation (Figure 2.7). The peak is weak with respect to 

RA1 and RA2 with the widely used Ar 514.5 nm laser line and is comparable in intensity 

when excited with 785 or 830 nm laser wavelengths. I attribute this intensity dependence to 

near-resonance Raman enhancement in the blue ringwoodite. Absorption spectra from blue 

and dark blue natural ringwoodite from NWA 1662 and NWA 463 meteorites show a strong 

absorption line centered at 793 nm (Taran et al., 2009). Synthetic blue ringwoodite has 

similar absorption bands because of its iron content (Keppler and Smyth, 2005). In natural 

samples, the absorption is stronger in darker colored grains and weaker in colorless 

ringwoodite. This absorption band remarkably follows the same color correlation as observed 

in the 877 cm–1 Raman peak and explains why the enhancement is only observed in colored 

ringwoodite. The color correlation of the absorption spectra and the Raman spectra suggest 
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that the cause of the color lies in the crystal structure of the ringwoodite. The absorption line 

was assigned by Keppler and Smith (2005) and Taran et al. (2009) to the electronic spin 

allowed 5T2g → 5Eg transition of VIFe2+ split by the trigonal distortion or Jahn-Teller effect. 

Similar Raman enhancements have been observed for iron containing oxides and 

oxyhydroxides, for which near resonance Raman occurs with 636 nm excitation due to an 

absorption band located near 640 nm; this band is a result of the  
6A1(6S) → 4T2(4G) ligand field transitions of octahedrally coordinated Fe3+ (Nieuwoudt et al., 

2011; Sherman and Waite, 1985). Resonance Raman has also been confirmed in several 

spinel-structure oxides (Kashyap et al., 2009; Koshizuka et al., 1975; Lutz et al., 1991). 

Furthermore, the presence of unassigned peaks in Raman spectra from spinels attributed to 

disorder is not uncommon. The appearance of a new band in the non-silicate spinel MgAl2O4, 

after heating induced disorder, has been described as a contribution to the Raman spectrum 

from cation disorder in the form of Al-ion redistribution from octahedral to tetrahedral sites 

inside the spinel structure (Cynn et al., 1993; 1992). Thus, the peak observed at 877 cm–1 is 

probably due to cation redistribution inside the spinel structure. 

Taran et al. (2009) suggested an inverse spinel structure for the clear varieties of 

ringwoodite, based on the apparent different natures of the absorption spectra of blue and 

colorless varieties. In the inverse spinel, all Fe2+ ions and probably part of the Mg2+ are found 

in tetrahedral sites of the cubic close-packed structure, and Si4+ cations would be displaced to 

the octahedral sites. However, the observed Raman shifts of RA1 and RA2 do not 

significantly differ between colorless and blue ringwoodite, suggesting that most of the Si4+ is 

in fourfold coordination. This is consistent with nuclear magnetic resonance (Stebbins et al., 

2009) and X-ray diffraction observations (Hazen et al., 1993). On the other hand, the 

observed increase in the linewidths of RA1 and RA2 indicate some degree of structural 

disorder in blue ringwoodite. Therefore, our data are consistent with the explanation that the 

gradation in color of the ringwoodite results from a spinel structure ranging from normal to 

marginally inverse. Assuming such cation disorder and that the band at 844 cm–1 comes from 

Si-O bonds stretching in tetrahedral sites (Yu and Wentzcovitch, 2006), I tentatively assign 

the 877 cm–1 Raman band to symmetric Fe-O stretching of a small amount of iron in fourfold 

coordination. Because of the resonance Raman enhancement effect, I believe that it is 

possible to detect low trace amounts of Fe2+ in tetrahedral sites. In the same structure, no 

Raman signal would be expected from Mg2+ ions in four- or sixfold coordination because of  

the highly ionic nature of the Mg-O bonding. This position is relatively close to the Raman 
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shifts of 830–832 cm–1 reported for FeO4 tetrahedra in K2[FeO4] by Gonzalez-Vilchez and 

Griffith (1972). The difference of approximately 45 cm–1 with respect to the υ1(A1) band at 

830 cm–1 could result from contributions of the following: the coupling between SiO4 and 
IVFeO4 tetrahedra; induced distortion by the SiO6 octahedra; or a shorter Fe-O bonding 

length, consistent with the high-pressure nature of the phase. Small bond distance differences 

can yield large Raman shifts, e.g., in the transition between olivine and ringwoodite the 

increase of the Si-O distances of 0.02 ± 0.0005 Å (Hazen et al., 1993) induces a Raman shift 

of 10–25 cm–1 between the main peaks in olivine and ringwoodite. If the 877 cm–1 Raman 

band is produced indeed by Fe-O stretching, one would expect also to observe Fe-O bending 

modes and SiO6 octahedral symmetrical stretching. The υ2 and υ4 modes of the FeO4 

tetrahedral are reported to be in the region of 300–400 cm–1 (Gonzalez-Vilchez and Griffith, 

1972) and possibly could be the unassigned, enhanced bands observed in that region (Fig. 

2.5). The spectra of the SiO6 octahedra should resemble that of stishovite with two intense 

modes, A1g at 753 cm–1 and B1g at 231 cm–1 (Hemley et al., 1986). The band corresponding to 

the A1g mode may be a shoulder of the RA1 ringwoodite band at 799 cm–1 (e.g., 765 cm–1, 

Fig. 2.5). Similarly, the band assigned to the B mode could possibly contribute to the broad 

set of bands centered at 225 cm–1. The near-IR Raman enhancements of these bands (∼231, 

300–400, ∼753, and 877 cm–1) support these tentative assignments. 

2.5.2 Pyroxenes and majorite 

White grains show pyroxene Raman fingerprints (Fig. 2.8). The high-Ca 

clinopyroxene (augite/diopside, C2/c monoclinic pyroxene) shows two intense peaks, the first 

one at 1013 cm–1 corresponding to the Si-Onb bond stretching in the [SiO3]2– unit of the 

pyroxene chain, and the second peak at 667 cm–1 corresponding to the bridging oxygen 

stretch in the Si-Obr-Si bond of the [Si2O6]4– unit. Three smaller peaks are present in the 

range 300–400 cm–1, 327, 369, and 395 cm–1 created by the displacements of cations from 

their equilibrium lattice positions or by O-Si-O bending modes (Huang et al., 2000; Wang et 

al., 2001; Yang et al., 2009). A small amount of jadeite is also present in the white matrix. 

Jadeite has the ideal formula NaAlSi2O6 and shows three characteristic signals at 698, 377, 

and 204 cm–1. Similar to the high-Ca pyroxene, jadeite is a C2/c monoclinic pyroxene and the 

698 cm–1 band originates from Si-Obr-Si vibrations within the silicate chains, and 377 and 

304 cm–1 are likely lattice modes involving cation-O interactions or O-Si-O bending modes. 

Jadeite bands also appear at 988, 1035 (Si-O stretching vibrations), 756 cm–1 and smaller 

bands appear in the range 200–600 cm–1 showing, respectively, cation vibrations and O-Si-O 
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bending modes of SiO4 tetrahedra (Huang 

et al., 2000; Wang et al., 2001; Yang et 

al., 2009). Along with the pyroxene 

crystals, majorite assemblages are present 

in the white matrix. The most intense 

modes of majorite are found at 597 and 

929 cm–1 (Rauch et al., 1996). Majorite is 

the cubic garnet polymorph of pyroxene. 

It has previously been found in the 

Coorara, Catherwood, Pampa del 

Infierno, Tenham, Sixiangkou, and Peace 

River chondritic meteorites (Coleman, 

1977; Smith and Mason, 1970). Majorite 

forms in these meteorites from low-Ca 

pyroxenes (Chen and Xie, 2008; 

Coleman, 1977; Mao et al., 1982; Smith 

and Mason, 1970). Ca-rich majorite has 

been observed in the Shergotty and 

Yamato 75100 meteorites transformed 

from the host high-Ca pyroxene  (Malavergne et al., 2001; Tomioka and Kimura, 2003). The 

peak positions of majorite in the Taiban meteorite are in good agreement with the  

values provided by Rauch et al. (1996) for pure MgSiO3. The peak at 929 cm–1 is probably 

the A1g mode from the symmetrical stretch of the SiO4 group; and the 597 cm–1 has been 

assigned to the A1g mode of the O-Si-O bending in the SiO4 tetrahedral. However, there is a 

significant line width increase in several of the measured crystals, possibly the result of some 

deformational stress in the crystals or a small contribution of pyrope in solid solution with the 

majorite (Hofmeister et al., 2004; Manghnani et al., 1998; McMillan et al., 1989). Jadeite 

Raman signals often appear in combination with diopside or majorite peaks, suggesting that 

jadeite mineral grains are smaller than the laser spot size in the mapped areas. 

The pyroxene-majorite assemblages completely surround the ringwoodite crystals in 

the silicate pocket. These assemblages are mainly composed of high-Ca pyroxene, majorite, 

and jadeite. The presence of high-Ca pyroxene and majorite suggests that under the pressure 

and temperature conditions that the silicate pocket experienced, all the low-Ca pyroxene 

 

Figure 2.8: Raman spectra of pyroxenes and 
majorite (mjt) in the white matrix of the lithic 
pocket. Pyroxenes are high-Ca pyroxene (cpx) 
and jadeite (jad). High-Ca pyroxene: 785 nm 
laser; 10 mW power output; 150 s acquisition 
time. Jadeite: 830 nm laser; 5 mW power 
output; 150 s acquisition time. Majorite: 532 
laser; 3 mW power output; 300 s acquisition 
time. 
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metamorphosed into the its high-pressure phase majorite. The calcium pyroxene, however, 

reversed a high-pressure transformation after the shock or remained unchanged. Similar 

assemblages were found in the Sixiangkou meteorite by Zhang et al., (2006) and they 

suggested that the preserved high-Ca pyroxene could be attributed to the higher temperature 

needed for the high-Ca pyroxene to transform to Ca-rich majorite, but at a very sluggish 

phase transformation rate. They suggested that the sluggish rate might have been caused by 

the large radius of the cation Ca2+ (0.99 Å) in the crystal structure, its coordination is more 

difficult to modify under high pressures than that of Mg2+ (0.66 Å) and Fe2+ (0.74 Å) in the 

low-Ca pyroxenes (Zhang et al., 2006). Jadeite probably formed from felsic plagioclase 

feldspar under the pressures and temperatures experienced during shock. Under pressure 

above the maskelynite stability field, plagioclase dissociates into jadeite and SiO2 (Liu, 

1978). Jadeite has been found in other chondrites with similar compositions as the plagioclase 

glass in the vicinity of melt veins (Ohtani et al., 2004). In the Taiban meteorite pocket, the 

micrometer-sized jadeite crystals suggest that plagioclase melted and dissociated into jadeite 

and SiO2. The maskelynite in the host rock shows increasing deformation and flow textures 

toward the melt vein, consistent with total melting inside, where jadeite formed. The absence 

of the Raman signature peaks of SiO2 polymorphs can be explained if jadeite crystallized 

from amorphous plagioclase while the crystallization of stishovite was significantly delayed 

(Kubo et al., 2010), leaving the SiO2 in form of glass. 

2.5.3 Maskelynite and lingunite 

Larger amounts of plagioclase glass are found in the host rock areas compared with 

the relict plagioclase glass located in the margins of the silicate pocket, near the host rock. 

Plagioclase glass forms clear isotropic grains (Stöffler et al. 1991, their Fig. 12). The spectra 

of both silicate glasses (Fig. 2.9) are dominated by a broad set of bands characteristic of 

plagioclase feldspar glass, centered around 480 cm–1. This is in good agreement with the 

spectra reported by Sharma et al. (1983) for synthetic glass of anorthite composition and with 

earlier measurements of maskelynite from natural samples (Chen and El Goresy, 2000; Fritz 

et al., 2005). This band has been attributed to the motion of the oxygen atom along a line 

bisecting the T-O-T angle (where T = Si or Al) and is characteristic of the feldspar structure, 

which contains four-membered rings of TO4 tetrahedra (Sharma et al., 1983). The weak 

shoulder located around 570 cm–1 has been assigned to the three member rings of TO4 

tetrahedra in the framework silicate glasses (Galeener and Geissberger, 1983; Sharma et al., 

1997). Its low intensity is consistent with the observations for highly shocked plagioclase 
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(Fritz et al., 2005). The spectra of 

plagioclase glass in the high-

frequency range shows slightly 

different patterns when measured 

with different wavelengths. The Si-O 

stretch bands at 900–1100 cm–1 

appear in the spectra recorded with 

532 nm laser excitation. The spectra 

of plagioclase glass in the high-

frequency range shows slightly 

different patterns when measured 

with different wavelengths. The Si-O 

stretch bands at 900–1100 cm–1 

appear in the spectra recorded with 

532 nm laser excitation. With 830 nm 

laser excitation a strong broad band 

appears at 990 cm–1 (904 nm). This 

band is probably the result of 

fluorescence caused by rare earth 

elements, likely Nd, whose strongest 

fluorescence band is also found 

around 907 nm. The spectra of 

plagioclase glass in the high-

frequency range shows slightly 

different patterns when measured 

with different wavelengths. The Si-O 

stretch bands at 900-1100 cm-1 

appear in the spectra recorded with 532 nm laser excitation. With 830 nm laser excitation a 

strong broad band appears at 990 cm–1 (904 nm). This band is probably the result of 

fluorescence caused by rare earth elements, likely Nd, whose strongest fluorescence band is 

also found around 907 nm. Lingunite, (Na,Ca)AlSi3O8, is one of the high-pressure 

polymorphs of plagioclase. It possesses hollandite structure and was first observed by Gillet 

et al. (2000) in the Sixiangkou chondrite. Lingunite Raman peaks appear along with the glass 

 
Figure 2.9: Raman of plagioclase glass in the 
studied lithic pocket (a) and in the host rock (b) of 
the Taiban meteorite. Inside the melt vein (a), 
lingunite peaks appear along with the plagioclase 
glass Raman spectrum. Plots (A) and (B) show the 
spectrum of maskelynite inside the pocket (a); and 
(C) and (D) show the spectrum of maskelynite in 
the host rock (b). (A) 830 nm laser, 3 mW power 
output, 400 s acquisition time. (B) 532 nm laser, 3 
mW power output, 300 s acquisition time. (C) 830 
nm laser, 5 mW power output, 150 s acquisition 
time. (D) 532 nm laser, 3 mW power output, 300 s 
acquisition time. With 785 nm laser excitation 
spectrum was obscured by strong luminescence 
backgroundare (A) 244 nm, 0.5 mW and 1800 s; (B) 
514.5 nm, 1 mW, and 600 s; (C) 785 nm, 10 mW, 
and 150 s; and (D) 830 nm, 5 mW, and 300 s, 
respectively. 
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spectrum in the maskelynite grains inside the melt vein (Fig 2.9), at 210, 277, and 765 cm–1. 

These peaks are characteristic of the hollandite structure: the signal at 765 cm–1 corresponds 

to SiO6 octahedral symmetrical stretching; and the peaks at 210 and 277 cm–1 correspond to 

the splitting of the B1g mode. A band resulting from the splitting of the B2g mode appears at 

973 cm–1 (Gillet et al., 2000; Liu et al., 2009). The 973 cm–1 band in the measured plagioclase 

glass inside the silicate pocket (Fig. 2.9) superimposes on the fluorescence feature around 

990 cm–1. It has been suggested that lingunite is formed by a solid-state transformation from 

plagioclase (Tomioka et al., 2000) or by crystallization from a melt (Gillet et al., 2000). 

Similarly, it has been suggested that plagioclase glass is a quenched melt as opposed to 

diaplectic glass, maskelynite (Chen and El Goresy, 2000). The plagioclase glass grains in the 

studied thin slide of the Taiban meteorite present signs of ductile deformation but no 

evidence of extensive melting, either inside the melt vein or in the host rock. Furthermore, 

Raman bands of recrystallized plagioclase were not observed in any of the measured grains. 

If the plagioclase had melted we would expect some degree of recrystallization unless the 

quenching rate was unrealistically fast (Fritz et al., 2005). Thus, plagioclase in the Taiban 

meteorite seems to be diaplectic glass and the lingunite appears to be formed by a solid-state 

transformation, as observed  by Kubo et al. (2010) in their high-pressure high-temperature X-

ray measurements of plagioclase. 

2.5.4 Static pressure equivalent 

According to the results of static high-pressure melting experiments of the Allende 

meteorite (Agee et al., 1995), the presence of crystals of ringwoodite, majorite, high-Ca 

pyroxene, and traces of wadsleyite can constrain the P-T formation conditions for the studied 

silicate pocket to 17–20 GPa with a Tmax in the range 1850–1900 K. The presence of Fe-Ni 

droplets and various sulfides in droplets and filling cracks is also consistent with that P-T 

range. Our Raman and SEM observations in the studied sample did not yield signals 

corresponding to higher pressure phases such as magnesiowüstite or silicate perovskite, thus 

the static pressure equivalent is probably below 20 GPa. 

 

2.6 Conclusions 

The present study in the Taiban heavily shocked L6 chondrite effectively uses micro 

Raman mapping and multi wavelength measurements to detect and characterize olivine, 

wadsleyite, ringwoodite, high-Ca clinopyroxene, majorite-pyrope, jadeite, maskelynite, and 

lingunite inside lithic pockets contained in the opaque melt vein crossing the sample. The 
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analysis of the Raman spectra and electron probe microanalysis show that the ringwoodite 

formed directly from olivine through a solid-state transformation involving chemical 

fractionation between Fe andMg. Furthermore, a Raman resonance that follows a close 

correlation with the color of the ringwoodite was found and carefully confirmed. Based in 

this result, I suggest that the blue color of the ringwoodite is likely caused by a small amount 

of iron in four-fold coordination inside the spinel structure of the ringwoodite. This data on 

ringwoodite can help understand the behavior of the mantle transition zone since ringwoodite 

is thought to be one of the major phases in that layer of the Earth. The remaining Raman data 

on the other mineral phases will help better understand Raman measurements of shocked 

meteorite samples. I also describe the mineral assemblages and provide possible formation 

conditions, which, in combination with other studies on the topic, can help improve our 

understanding of shock metamorphism This study also demonstrates the great potential of 

Raman spectroscopy, both with multiple excitation wavelengths and Raman mapping, to 

analyze meteorite material beyond simple mineral identification.  
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CHAPTER 3: REMOTE RAMAN EFFICIECIES AND CROSS 

SECTIONS OF ORGANIC AND INORGANIC CHEMICALS 
 

Accepted for publication in its present from as Acosta-Maeda, T.E., Misra, A.K., 

Porter, J.N., Bates, D.E., and Sharma, S.K. (2016) Remote Raman efficiencies and cross-

sections of organics and inorganic chemicals. Applied spectroscopy (Accepted). 
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3.1 Abstract 

Raman cross sections of various organic liquids and inorganic polyatomic ions in 

aqueous solutions were determined using a 532 nm pulsed laser using remote Raman systems 

developed at the University of Hawai‘i. The intensity counts in the spectrum of the light from 

the integrating sphere measured with UH remote Raman instrument were converted to 

spectral radiance using a calibrated integrating sphere as a light source.  From these data a 

response function of the remote Raman instrument was obtained.  Remote Raman data from a 

standard 1 mm path length fused silica spectrophotometer cell filled with cyclohexane were 

collected with the intensity calibrated instrument.  The measured value of the differential 

Raman cross section for the 801 cm-1 vibrational mode of cyclohexane is 4.55·10-30 cm2 

molecule-1 sr-1 when excited by a 532 nm laser, in good agreement with the values reported in 

the literature. Using the measured cyclohexane Raman cross section as a reference and 

relative Raman mode intensities of the various ions and organic liquids, the Raman cross 

sections of the strongest Raman lines of nitrate, sulfate, carbonate, phosphate ions and 

organic liquids were calculated by maintaining the same experimental conditions for remote 

Raman detection.  These relative Raman cross-section values will be useful for estimating 

detection capabilities of remote Raman systems for planetary exploration. 

 

3.2 Introduction 

Raman spectroscopy has been recognized as a powerful tool for material 

characterization. Raman spectra stem from the energy exchange between a light source and 

molecular vibrational modes. Because vibrational modes depend on the atoms, chemical 

bonds, and structure of each molecule, Raman spectra are unique to each compound. Crystal 

lattice modes also appear in Raman spectra, providing a means of distinction between 

polymorphs of the same chemical composition. Raman spectroscopy can be performed 

without sample preparation from gases, liquids, and solids phases. Based on recent 

advancements, it can also be performed during daytime conditions (Misra et al., 2005; Misra 

et al., 2006; Misra et al., 2007; Sharma et al., 2002). Not surprisingly, Raman spectroscopy 

has been extensively used in diverse fields such as chemical engineering (Moreno et al., 

2011), graphene studies (Graf et al., 2007), explosive detection (Gaft and Nagli, 2008), and 

geology (Hanesch, 2009). Furthermore, Raman spectroscopy can be used to analyze organics 

and biogenic materials (Kamemoto et al., 2010; Steele et al., 2012). Its versatility makes 
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Raman spectroscopy excellent for planetary science (e.g., Acosta-Maeda et al., 2013) and it 

has been proposed as a tool for-onsite planetary exploration (Wiens et al., 2005). 

Since its inception, Raman spectroscopy has traditionally been used in combination 

with microscopes to optimize the signal and increase spatial resolution. The first use of 

Raman as a remote sensing tool was during the 1970s (Hirschfeld, 1974), however, it was not 

until the early 2000s (Sharma et al., 2002) with the development of pulsed lasers and gated 

receivers that progress was made. In recent years, extensive research on remote Raman for 

the characterization of materials of interest for planetary science has been taken place (Misra 

et al., 2005; Misra et al., 2006; Rull et al., 2011; Sharma et al., 2010; Sharma et al., 2011; 

Sharma et al., 2006; Sharma et al., 2009; Sharma et al., 2007). A remote Raman system 

mounted on an exploration rover can interrogate larger areas around the rover, saving 

operational time and keeping the vehicle away from dangerous surfaces. NASA 

acknowledged this and included remote Raman capabilities with the Supercam instrument of 

the Mars 2020 rover mission (Wiens et al., 2016). The modern remote Raman systems use 

pulsed lasers and gated detection, allowing measurements in daylight conditions and avoiding 

long-lived fluorescence (a frequent problem while measuring mineral samples). In these 

systems an intensified charged coupled device (ICCD) is timed with the arrival of a Q-switch 

pulsed laser and the target is measured at remote distances, in the backscatter geometry. 

Similarly, remote Raman has been studied as a possible tool to detect explosive or dangerous 

chemicals from a safe distance (Carter et al., 2005a; Hokr et al., 2014; Misra et al., 2012; 

Moros et al., 2011; Scaffidi et al., 2010; Zachhuber et al., 2011a; Zachhuber et al., 2011b) 

The cross section is a quantum mechanical physics term. It corresponds to an effective 

area which size is proportional to the probability of occurrence of a scattering event involving 

discrete particles. In Raman spectroscopy the cross section quantifies the likelihood of an 

inelastic Raman scattering event taking place. The Raman cross section of a particular Raman 

shift, σs, is proportional to the probability of an incident excitation photon being scattered as a 

Raman shifted photon.  In a Raman experiment, the Raman intensity depends on multiple 

experimental variables such as the excitation laser power, sample density and absorbance, or 

optical collection efficiency. Therefore, the Raman cross section is the only constant across 

experiments. Raman cross sections are empirically determined and relate to the intrinsic 

Raman emission intensity of a chemical phase (McCreery, 2000). 

Chemicals with a large Raman cross section are easier to measure, require less laser 

excitation power, and yield higher peak intensities and signal to noise ratios when compared 
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to chemicals with lower Raman cross sections in the same proportions. Conversely, low 

Raman cross section materials will produce weaker spectra.  

Knowing the Raman cross sections of potential samples is critical to understanding 

spectra involving several components, that would likely include both strong and weak Raman 

scatters, and to attempt to approach any quantification analysis. Providing cross sections for 

various wavelengths is also necessary to calculating frequency independent cross sections 

and identify Raman resonance frequencies (Nagli et al., 2008). Raman cross sections are also 

important for comparing the efficiency of emerging Raman techniques such as Surface 

Enhanced Raman Spectroscopy (SERS) (Silva et al., 2014), resonance Raman spectroscopy 

(Le Ru et al., 2012), tip enhanced Raman spectroscopy (van Schrojenstein Lantman et al., 

2012), or Stimulated Raman Spectroscopy (SRS) (Hokr et al., 2014; McClung and Weiner, 

1964).  The frequency-doubled emission of a Nd-YAG laser has a wavelength of 532 nm and 

is widely used in remote Raman applications. In addition, some micro Raman applications 

use the same wavelength. As a notable example, the Raman Laser Spectrometer set in the 

payload of the ESA’s ExoMars mission is fitted with a 532 nm laser (Edwards et al., 2012; 

Lopez-Reyes et al., 2013). Very few Raman cross sections have been reported for 532 nm 

laser excitation (Aggarwal et al., 2012; Cançado et al., 2007; Faris and Copeland, 1997; Shim 

et al., 2008) in materials such as nanographites, diamond, or water. This study aims fill the 

lack of cross section values of Raman vibrations that could be encountered in geosciences, 

planetary exploration, and astrobiology. The selected sample suite includes: nitrates, which 

are found in semi-arid environments; carbonates and borates, which are frequently formed as 

evaporates; and sulfates, which are present in the Meridiani region of Mars. The detection of 

bonds such as C-H, C-H or C-Cl is fundamental in the search of organic or biogenic matter. 

The data and calculated cross sections presented in this chapter are acquired in the 

backscattered geometry common to most remote Raman experiments. Because the collection 

solid angle is small for all the remote experiments, the angular dependence of the Raman 

scattering can be neglected. The results are also applicable to shorter distances, such as 

micro-Raman systems, although caution should be used because of the larger collection solid 

angle, which includes scattering at large angles around the 180º backscatter angle.  

 
3.3 Theory 

Two versions of the Raman cross section are usually provided, the absolute cross 

section and differential cross section. The absolute, or integrated, cross section is measured 
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over the full sphere around the sample and over the wavelength range of a Raman band.  The 

differential cross section is defined as the cross section per unit angle and it depends on the 

observation geometry because of the anisotropy of the Raman Effect (Damen et al., 1965). 

The differential Raman cross section is given in units of [cm2 sr-1 molecule-1] (cm2 sr-1  

molec-1, sr = steradian) and expressed as 

= dΩ					(3.1)			 
where σ is the integrated Raman cross-section and Ω the solid angle of collection. To obtain 

the differential Raman cross section of the cyclohexane 801 cm-1 peak one must start by 

obtaining the efficiency of the system. The efficiency of a Raman system is defined as 

(Stopar et al., 2005): 

	 = 	 	 	 		 	 																(3.2) 
 

for a pulsed laser in a remote Raman system, the input laser power is 

 	 	 = 	 ∙ 	 										(3.3) 
 

and the power of a Raman peak is  

 	 	 	 = ∙ Δ ∙ Ω ∙ 	(3.4) 
 

where Lλ and Δλ are the spectral radiance and the full width at half maximum (FWHM) of 

the Raman peak, Ω is the solid angle subtended by the telescope at the measurement distance, 

and A is the area of the Raman source (the area of the laser spot). 

The Raman cross section of a Raman peak can then be calculated following the 

equation (McCreery, 2002) 

 Δ = ( ⁄ ) ( )	 																				(3.5) 
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where Lλ is the spectral radiance of the Raman peak in watts sr-1 cm-2 and Δλ its FWHM in 

nm. P/A is the laser power per unit area in watts cm-2, β is the differential cross section, N (r) 

is the number density of molecules in the measured sample in molecules per unit volume and 

x is the sample path length. Rearranging the terms to obtain the cross section one obtains 

 = Δ 		 ( )	 																		(3.6). 
 

One must use this approach to determine the differential Raman cross section of the 801 cm-1 

peak of cyclohexane. 

 The integrated intensity of a single Raman peak IR,s can be calculated as 

 I , 	 = I Ω β 	N 	T(l) dl	 	 I Ω∑ β 		N , T Δl                  (3.7), 

 

where the subscript R,s refers to the number of Raman photons for a particular Raman line of 

a liquid sample present (i.e., cyclohexane) in the spectrum, Io refers to the number of incident 

photons, βs is the Raman differential cross section for a particular peak of the sample 

[cm2molec-1sr-1], Ns is the molecular concentration of the sample [molecules vol-1], T(l)2 is 

the two-way transmission from the front of the sample to the depth l, and Ω is the solid angle 

of the collection optics for a particular distance from the sample in steradians [sr]. For remote 

Raman measurements the distance between the sample and telescope is large compared with 

the size of the sample, therefore Ω is taken as a constant. In the summation form, Ti
2 refers to 

the two way transmission from the front of the sample to position i, and Δl is a constant such 

that n·Δl = x, where n is a positive integer large enough to describe the sample and x is the 

distance the laser travels inside the sample.  Assuming the transmission through air between 

the sample and the collection optics is 1, the two-way transmission through the sample is 

given by 

 T(l) = T , 	 T , = 	 			e α , e α , 	=				e (α , α , ) 											(3.8)	
 

where Tλ ,  is the transmission of the liquid at the excitation wavelength, Tλ ,  is the 

transmission of the liquid at the wavelength of the selected Raman peak of the sample, αλ ,  
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is the extinction coefficient of the liquid at the excitation wavelength, and αλ ,  is the 

extinction coefficient of the liquid at the wavelength of the selected Raman peak of the 

sample. Completing the integral shown in eq. (7) one obtains: 

 I , 	 = 	 	(α , α , ) 	(1-	e (α , α , ) ).													(3.9).	
 

Taking the ratio of the integrated Raman signal for a particular peak of the sample (IR,s) 

versus a particular peak of some different reference sample (IR,ref) (for which the Raman cross 

section is known σref ) results in the following equation: 

 

, 	, 	 = 		 	(α , , α , , )	( 	 (α , α , ) )		 	(α , α , )( 	 (α , , α , , ) )							(3.10).	
 

Solving for the differential cross section for a particular peak of the sample  

 

β = 	β 			 , 		, 		 	 					 (α , α , )( 	 (α , , α , , ) )(α , , α , , )	( 	 (α , α , ) )				(3.11).	
Equation (11) can be used to calculate the differential Raman cross section (βs) at a 

particular wavelength for any peak in the Raman spectra of a sample, provided a reference 

cross section is known. For the calculations in this chapter, the cyclohexane cross section was 

first obtained and then used as a reference cross section.  

In the absence of resonance Raman Effect the cross section increases as the excitation 

wavelength decreases following the 4th power excitation frequency dependence of the Raman 

cross section given by: 

 β 		 = 	 β υ υ υ 																		(3.12),	
 

where βj
0 is the frequency independent cross section of the jth vibrational mode, υ0 is the 

wavenumber of the excitation laser wavelength, and υj is the wavenumber of the Raman peak 

j (McCreery, 2002).   
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3.4 Experimental procedure 

3.4.1 Samples 

The sample set analyzed for this study includes: cyclohexane (C6H12, ACS, purchased 

from Fisher Scientific); potassium carbonate (K2CO3); potassium nitrate (KNO3); ammonium 

nitrate (NH4NO3); potassium sulfate (K2SO4); sodium phosphate (Na3PO4); potassium 

chlorate (KClO3); sodium tetraborate octahydrate (Na2[B4O5(OH)5]·8H2O) purchased from 

Fisher Scientific; and potassium perchlorate (KClO4, 99% purchased from Alfa Aesar). The 

organic liquids analyzed (purchased from Fisher Scientific) include: acetone ((CH3)2CO); 

acetonitrile (CH3CN); methanol (CH3OH); ethanol (CH3CH2OH); carbon tetrachloride 

(CCl4); benzene (C6H6); nitrobenzene (C6H5NO2); dichloromethane (CH2Cl2); and 2-propanol 

(CH3CHOHCH3). The distilled water (H2O) was purchased from Menehune Water Company. 

The liquid samples were used as purchased. Water solutions of the powdered samples were 

made and concentrations below the solubility limits of each chemical were chosen, with the 

exception of the sodium borate. Because of the low Raman signal of the borate, a 

supersaturated solution was prepared and he Raman measurements were taken immediately 

after reaching room temperature. 

3.4.2. Raman Systems 

Two different remote Raman systems were used to acquire the spectra used as 

standard for Raman cross section determination. A first fiber-coupled, 5-inch remote Raman 

system was used to obtain the Raman cross section of cyclohexane. A second improved, more 

sensitive, directly-coupled remote Raman system was used to obtain the spectra of inorganic 

salt solutions and organic liquids, along with the cyclohexane as a reference. 

The 5-inch remote Raman system used to determine the Raman cross section of 

cyclohexane is composed of a 5-inch Meade ETX-125 Maksutov-Cassegrain telescope (125 

mm clear aperture, 1900 mm focal length F/15), a Kaiser Optical Systems Holospec 

spectrometer (F/1.8) fitted with a Princeton Instruments Inc. I-MAX-1024-E intensified CCD 

detector, and a 532 nm mini Nd:YAG laser (Model ULTRA CFR, Big Sky Laser, 20 Hz, 8 

ns/pulse) with a maximum power of 35 mJ/pulse. A similar system has been described and 

demonstrated by Sharma et al. (2002, 2003). 

The spectra obtained were used to determine the Raman cross section of the 

polyatomic ions of inorganic salts and organic liquids via an improved remote Raman system 

composed of an 8-inch Advanced Ritchey-Cretien telescope (Meade LX200, 203 mm clear 

aperture, F/10), Kaiser Optical Systems F/1.8 HoloSpec spectrometer, thermo-electrically  
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cooled intensified CCD detector (Princeton Instruments PI-MAX), and Quantel Nd:YAG Q-

switched Laser (CFR model, 532 nm emission, 100 mJ/p, 15 Hz, 10 ns per pulse). The 

telescope is coupled to the spectrometer through a 50 mm F/1.8 camera lens. The 532 nm 

Rayleigh scattering is rejected with a 532 nm Supernotch filter from Kaiser Optical Systems.  

This system can measure carbonate, sulfate, and nitrate containing chemicals and benzene at 

120 m distance with single laser pulse excitation (~100 ns total measurement time). The 

details of this system and its schematics are described in Misra et al. (2012).  

Table 3.1:: Molecular weight, molar concentration, and estimated concentration for 
samples. 

sample Concentration  
(mg/ml) 

Molecular 
weight 
(g/mol) 

Molar con-
centration 

(mol/L) 

Error(b) 
± 

K2CO3  100.47 138.2055 0.7270 0.0030 

KNO3  101.845 101.1032 1.0073 0.0042 

NH4NO3  100.02 80.04336 1.2496 0.0052 
Na3PO4 12H2O  15.512 380.1170 0.2495 0.0010 

PO4
-3 (a) 19.77305 94.9714 0.1633 0.0006 

K2SO4  99.955 174.2592 0.5736 0.0024 

KClO3  69.89 122.5495 0.5703 0.0024 

KClO4  14.775 138.5489 0.1066 0.0004 

Na2[B4O5(OH)4 ] 8H2O  95.82115 381.3721 0.2513 0.0010 

acetone (CH3)2CO 58.07914 13.6366 0.0172 

acetonitrile CH3CN 41.05192 19.1465 0.0244 

cyclohexane C6H12 84.15948 9.2455 0.0119 

methanol CH3OH 32.04186 24.7114 0.0312 

ethanol CH3CH2OH 46.06844 17.1267 0.0217 

carbon tetrachloride CCl4 153.8227 10.3151 0.0065 

benzene C6H6 78.11184 11.2211 0.0128 

nitrobenzene    C6H5NO2 123.1094 9.7393 0.0081 

dichloromethane   CH2Cl2 84.93258 15.6065 0.0118 

2 propanol C3H7OH 60.09502 13.0793 0.0166 

DI water H2O 18.01528 55.4085 0.0555 
(a)The estimated amount of PO4

-3 was obtained from standard polypropic acid buffer calculations. (b) Possible er-
ror in molarity estimated by error propagation from possible errors in the volume and mass measurements. For the 
pure liquids a maximum density error of ± 1 g/L was assumed. 
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3.4.3 Methods 

The 5-inch remote Raman system used for the absolute intensity calibration of 

cyclohexane was intensity calibrated by measuring a calibrated integrating sphere illuminated 

by a halogen tungsten lamp. The telescope of the 5-inch remote Raman system was focused 

on the front surface of the integrating sphere at a distance of 8.76 m. The field of view of the  

spectrometer at the target was set to 1 cm by fiber coupling the receiving optics to the 

spectrometer and adjusting the coupling optics of the system to match that field of view. The 

laser was later set to 1-cm spot at the same distance, 8.76 m. The intensity data were collected 

after the current of the tungsten lamp had completely stabilized, indicating that the 

temperature of the black body radiation emitted by the sphere is constant.  A total of 100 

spectra of 0.5 seconds exposure were collected using a 100 micron slit width. A large number 

of spectra (100) was averaged to improve the signal to noise ratio and minimize the effect of 

random noise. The final number of counts was transformed to 1 second equivalent to obtain 

the response function of the system. Once the response function has been determined, the 

spectral intensity counts can be converted to spectral radiance by dividing the measured 

counts by the response function of the system. The Raman signal is proportional to the 

number of molecules excited by the laser.  In order to obtain a Raman cross-section, it is 

fundamental to know the exact number of molecules in the laser beam path.  For clear liquids, 

the number of molecules excited by the laser is proportional to the volume of liquid in the 

laser beam path. To control the measured volume, the remote Raman data were collected 

from cyclohexane contained in a standard 1 mm path length fused-silica spectrophotometer 

cell. As described previously, the diameter of the laser beam at sample was set to 1 cm, thus 

totally enforcing the sample size. The cross section reference spectra of cyclohexane were 

measured with 60 seconds exposure time (1200 laser pulses). 

In order to obtain the cross sections of the selected Raman bands in the inorganic salts 

and organic liquids the first term of equation (3.11) was calculated, using the integrated 

Raman signal of the 801 cm-1 peak of cyclohexane as IR,ref, calculated cross section for the 

801 cm-1 as βref, and the integrated Raman signal for a particular peak of the sample as IR,s. In 

order to determine IR,s  the Raman spectrum of the pure organic liquids were obtained. 

Determining IR,s of the inorganic salts Raman spectra in a water solution was done to obtain 

transparent samples and more accurately estimate the number of excited molecules. The 

results will serve as a baseline for future cross section measurements of the same chemicals 

in solid form where other factors greatly influence the Raman efficiency such as grain size, 
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impurities or internal dispersion. Significant peaks were selected for each sample, based on 

signal strength and relevance criteria. The concentration of each solution was selected to 

maximize the Raman signal without increasing absorption of the excitation wavelength. The 

concentration of each inorganic salt in water solution was determined (Table 3.1), along with 

the molecular weight, molar concentration, and error in the molar concentration for each 

sample. The estimated error in the concentration stems from the scale errors incurred while 

measuring weight and pipetting. Each sample, including the cyclohexane used as standard, 

was placed in identical 20 ml borosilicate glass vials. A custom holder was made to place 

each vial in the exact same position at 8.76 m from the collection optics (telescope), ensuring 

that every spectrum was acquired under the same conditions. A small correction was applied 

to account for the difference in measured volume produced by the different refractive index 

of each sample, as the edge of the 1 cm diameter beam bends between 4.9º and 7.4º as it 

enters the cylindrical borosilicate glass vials, for the lowest and highest refraction index 

(water and nitrobenzene, respectively). This correction was tested by confirming the final 

cross section result of the 993 cm-1 band of benzene as measured along with cyclohexane in a 

1 cm square, fused-silica spectrometer cell, where a correction for refraction is not necessary. 

The results were within 3% of each other. The laser power was 25 mJ per pulse at 15 Hz. 

Five consecutive spectra were recorded over 150 laser pulses for all the samples to ensure 

good quality Raman spectra and averaging out shot to shot variation in signal to noise ratio.  

Every spectrum was wavelength and intensity calibrated using the custom Matlab 

software UH Raman-LIBS v1.61. The wavelength calibration was performed using the 

Raman peaks of calcium carbonate, cyclohexane, acetonitrile, benzene, calcium sulfate 

dihydrate, and the wavelengths of the emission of a neon lamp as a reference. The intensity 

calibration was performed using the emission of a Kaiser Optical Systems calibration 

accessory as a reference. This calibration accessory is equipped with a tungsten white lamp 

accompanied by matching calibration data in units of photons per area per second per 

wavenumber (photons cm-2 s-1 (cm-1)-1) versus wavelength. The UH Raman-LIBS software 

takes a measured reference spectra of the lamp and obtains a calibration ratio with the 

calibration data that is later applied to every spectrum. This calibration is relative and 

removes the contribution of the response function of the system and is a critical step in 

obtaining the cross sections using a known cross section reference (McCreery, 2002).  

Finally, the IR,s value for each studied Raman peak was defined by the total spectral 

area of the peak, and is proportional to the number of measured photons. Curve fitting was 
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used for isolated or moderately overlapping Raman peaks for isolated or moderately 

overlapping Raman peaks, such as the cyclohexane 801 cm-1
, and total integrated area along a 

Raman shift range for overlapping Raman signals, such as the C-H Raman lines of 

cyclohexane in the range 2730-3080 cm-1. Peak fittings and spectral integrations were 

performed with the Grams/AI 8.0 software package (Thermo-Fisher Scientific, Inc.). 

 

3.5 Results and discussion 

3.5.1 Absolute intensity calibration of cyclohexane. 

The calibrated spectral radiance of the integrating sphere as a function of wavelength 

(Fig. 3.1) provided values of spectral radiance (Lλ) of the integrating sphere in units of [Watts  

sr-1 cm-2 nm-1] as a function of wavelength (in nm) for a lamp aperture size of 10 mm. The 

data were fitted to a polynomial equation to obtain intermediate values of Lλ. Next, the 

response function was obtained for the 5-inch remote Raman system from the data obtained 

from the measurement of the integrating sphere and calibrated spectral radiance data (Fig. 

3.1) as number of counts per second per spectral radiance to determine the response function 

for the system (Fig. 3.2). 

The measured Raman intensity of cyclohexane in number of counts versus 

wavelength in the x axis (in nm) was normalized to 1 s exposure and 1 cm sample path (Fig. 

3). The spectral radiance of the cyclohexane was calculated from a division of the number of 

normalized counts by the response function. The spectral radiance of the sample is given as a 

 
Figure 3.1: Polynomial function used as reference spectral radiance 
of the integrating sphere. The polynomial function is plotted along 
its equation and manufacturer provided calibration points (+).  
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function of wavelength (Fig. 3.4). The input power of the laser was obtained using equation 

(3.3), the spectral radiance (Lλ) of the 801 cm-1 peak of cyclohexane using equation (3.4), and 

the Raman efficiency of the 801 cm-1 peak of cyclohexane using equation (3.2). The 

experimental parameters were summarized (Table 3.2 ) for the remote Raman setup using 5-

inch telescope and the 801 cm-1 Raman peak of cyclohexane. For a Maksutov-Cassegrain 

telescope the effective area is the area of the primary mirror minus the area of the central 

obstruction (secondary mirror). Listed are the spectral radiance (Lλ), full width at half 

maximum (Δλ), sample distance from the target (R), telescope area, solid angle subtended by 

the telescope at the measurement distance (Ω), laser parameters, and Raman efficiency for 

the subtended angle. Assuming that Raman Scattering is isotropic, the total Raman efficiency 

of cyclohexane over a 4π solid angle is 3.19·10-7. 

The Raman cross section of cyclohexane was calculated following equation (3.5), 

substituting the spectral radiance of the cyclohexane 801 cm-1 peak in watts sr-1 cm-2 as Lλ 

and its FWHM in nm (Table 3.3). The laser beam parameters are represented by P and A, N 

(r) is the number density of molecules in the cyclohexane sample in molecules per unit 

volume, and x = 1 cm is assumed as the sample path length. The actual sample path length 

was 0.1 cm, however, in the calculation the counts are normalized to 1 cm. 

 
Figure 3.2: Response function of the 5-inch remote Raman system 
in counts per spectral radiance. The system is most sensitive in the 
green region of the spectrum (545-560 nm)  
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Figure 3.3: Cyclohexane remote Raman spectrum recorded with the 5-inch 
remote Raman system with 60 seconds exposure time (1200 laser pulses), 
beam diameter 1 cm, 1-mm sample path, 8.76 m range. Counts have been 
scaled to 1 s exposure time (20 pulses) and 1-cm sample path. The 801 
cm-1 peak of cyclohexane is the major band at 555.8 nm.  The Raman 
bands of atmospheric oxygen and nitrogen appear at 580.1 and 607.4 nm 
(1555 and 2331 cm-1), respectively. The Raman signal of the quartz 
spectrometer cell contributes to the spectrum with broad glass bands at 
around 543 and 573 nm. Note the almost 0 sensitivity at both ends.  

 

 
Figure 3.4: Cyclohexane remote Raman spectrum of Fig. 3.3 calibrated in 
units of spectral radiance. The edges, below 540 and over 615 nm have 
been excluded due to lack of sensitivity on the edges of the ICCD.  
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Table 3.2: Measured Raman data and experimental parameters for the fiber 
coupled remote Raman system using 5 inch diameter Maksutov-Cassegrain 
telescope. 

Lλ 5.28·10-8 watts sr-1 cm-2 nm-1 
Δλ 0.42903 nm, 14.0756 cm-1 
R 876 cm 
Telescope area  116.7454 cm2 
Ω 1.52·10-4 sr 
Laser frequency 20 Hz 
Laser Pulse energy 35 mJ 
Input laser power 0.7 W 
Raman efficiency (801cm-1) 3.86·10-12 

 

 

Table 3.3: Experimental values for the cyclohexane standard
Raman peak 801 cm-1 
Lλ 5.28·10-8 watts sr-1·cm-2·nm-1 
Δλ 0.42903 nm 
P (Power) 0.7 W 
A (Beam Area) 0.785 cm2 
N(r) 5.5811·10-21 molecules·cm-3 
X 1 cm 

 

Using equation (3.6) a differential cross section is obtained for the 801 cm-1 peak of 

cyclohexane for the remote Raman back scattering geometry using 532 nm pulsed laser 

excitation of β532 = 4.55·10–30 cm2 sr-1 molec-1. The reported literature value for the Raman 

cross section of the 801 cm-1 Raman peak of cyclohexane with a green wavelength excitation 

was obtained for 514.5 nm laser excitation in 1986. The obtained value of β was 5.2 cm2 sr-1 

molec-1 (Trulson and Mathies, 1986). The reported cyclohexane cross section at 514.5 nm 

was extrapolated to the cross section at 532 nm excitation, according to the υ4
 excitation 

frequency dependence of the Raman cross section, using equation (3.12). 
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Figure 3.5: Remote Raman spectra of methanol, cyclohexane, and 
water using 150 pulses, ICCD gain 250, 25 mJ/pulse. The spectra 
of methanol and water have been shifted vertically for clarity, 
methanol threefold and water tenfold. It is apparent that the Raman 
signal of cyclohexane is about ten and three times stronger than 
that of the methanol and water. The signal strength and signal to 
noise ratio of a Raman measurement are closely related to the 
sample Raman cross section. 

Substituting υο as the wave number of the excitation laser and υj as the wavenumber 

of the Raman peak, 801 cm-1, a frequency correction factor of 1.148183 was obtained 

between both wavelengths as was an extrapolated cyclohexane Raman cross section at 532 

nm to  β532= 5.2x10-30/1.148183 = 4.53x10-30 cm2 sr-1 molec-1. The measured differential 

Raman cross-section of cyclohexane, 4.55x10-30 cm2 sr-1 molec-1, is in good agreement with 

the value reported in the literature. This υ4
 excitation frequency dependence extrapolation 

was used to compare the cross section results with others found in the literature. The intensity 

calibrated cyclohexane spectrum acquired as a reference along with the inorganic salt ions 

and organic liquids (Fig. 3.5) and is in good agreement with that provided by (McCreery, 

2002). The intensity ratios between the C-C stretch line at 801 cm-1 and the C-H stretching 

region are consistent with different measurements at the UH laboratory and the work of 

McCreery, and can be used as a Raman intensity standard, as stressed by McCreery.  
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Table 3.4: Differential Raman cross sections for selected Raman lines. 
Center
(cm-1) 

Spectral area
((cm-1)2 105) 

Number den-
sity ratio 

β 
(10-30) 

Error
% 

cyclohexane 801.6 7.19 1 4.55 

cyclohexane C-H 2730-3080 88.8 1 56.2 3.7 

K2CO3 100mg/ml 1064.6 0.254 0.0786 1.91 4.2 

KNO3 100mg/ml 1046.9 0.981 0.109 5.34 3.7 

NH4NO3 100mg/ml 1046.3 1.28 0.135 5.63 3.7 

K2SO4 100mg/ml 979.7 0.518 0.0620 4.96 4.3 

Na3PO4 10H2O 100mg/ml (PO4
-3) 936.8 0.0999 0.0177 3.35 7.8 

KClO3 70mg/ml 929.9 0.575 0.0617 5.52 5.1 

KClO4 15mg/ml 933.3 0.106 0.0115 5.45 7.1 
Na2[B4O5(OH)4 ]8H2O  100mg/ml 
(BO2) 745.0 0.0633 0.0553 0.679 7.7 
                    (BO3) 876.5 0.0272 0.0553 0.292 11.6 
Acetone     C-C ss 787.7 4.99 1.47 2.04 3.6 
                    C-H ss 2925.8 25.8 1.47 10.6 3.5 
Acetonitrile   C-C ss 920.5 1.96 2.07 0.563 3.8 
                        C-N ss 2252.7 9.95 2.07 2.86 4.2 
                        C-H ss 2943.6 14.6 2.07 4.20 3.9 
Methanol     C-O ss 1033.5 3.90 2.67 0.863 3.7 
                   CH ss-as 2650-3100 28.8 2.67 6.36 7.7 
Ethanol      C-O ss 883.1 2.96 1.85 0.967 3.5 
               C-H ss-as 2780-3100 42.0 1.85 13.7 3.5 
               O-H ss-as 3130-3670 7.26 1.85 2.37 4.1 
CCl4        ss 459.2 18.3 1.12 10.6 3.5 
               sd 217.0 11.0 1.12 6.39 3.5 
Benzene       C-H rs 992.9 25.0 1.21 13.7 3.5 
                 C-H ss-as 2990-3150 42.7 1.21 23.3 3.6 
Nitrobenzene    C-N ss 1347.4 61.0 1.05 39.9 4.4 
                             C-H ss 3084.3 31.2 1.05 20.4 3.6 
Dichloromethane C-Cl ss 703.1 11.8 1.69 4.40 3.5 
                                  CH ss 2990.6 11.5 1.69 4.30 3.9 
2-propanol 819.4 3.76 1.42 1.63 3.5 

2917+ 55.9 1.42 24.2 3.7 
3354+ 11.7 1.42 5.04 4.3 

water      O-H  ss-as 3362+ 50.1 6.00 4.96 3.6 
                 O-H b 456.3 0.168 6.00 0.0167 9.6 

Abbreviations: symmetrical stretch (ss); antisymmetrical stretch (as); symmetric deformation (sd); ring symmetrical 
stretch (rs); and bending (b). Limits of integration areas are separated by a dash and + denotes centers of mass as weighted by 
spectral area contribution. Number density ratio is the number density ratio versus the cyclohexane standard. 
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The C-H stretching region of cyclohexane shows prominent lines at 2854 cm-1, corresponding 

to CH2 symmetrical stretch vibrations, and two bands 2924 and 2940 cm-1 corresponding to 

CH2 antisymmetric stretch vibrations enhanced by Fermi resonance with the 1st overtone of 

the CH2 scissors vibration found at 1462 cm-1 (as a shoulder of the more intense 1444 cm-1). 

The Raman cross section of the C-H stretch region of cyclohexane was determinined by 

integrating the spectral intensity between 2730 and 3080 cm-1 and obtained a value of 

5.62x10-29 cm2 sr-1 molec-1. This is also in very good agreement with the value provided by 

Trulson and Mathies (1986) for 532 nm pulsed laser excitation, 5.73x10-29 cm2 sr-1 molec-1, 

for the same spectral region. 

The remote Raman measurements taken with the 8-inch remote Raman system a 

(Figs. 3.5 through 3.15) show some contribution of atmospheric gases as all measurements 

were performed in air with the laboratory lights on and at room temperature. The Raman 

signals corresponding to symmetrical stretching vibrations of O2 and N2 molecules appear in 

every spectra at 1555 and 2331 cm-1 with the same intensity because the same amount of air 

column was excited by the remote Raman system between the system and the targets. These 

signals can be used to visualize the spectral intensities of the Raman bands of each sample, 

and provide an estimate of their relative Raman efficiencies. In the Raman spectra of 

solutions, the water Raman bands from the solvent overlap with the Raman spectrum of the 

solute. The differential Raman cross sections obtained for the cyclohexane 801 cm-1
 and C-H 

stretch bands and the cross section for each selected Raman band in each of the studied 

samples are summarized (Table 3.4). The concentration of the solutions are described where 

applicable, estimated spectral area are obtained from peak fittings and integrations, and 

molecular number density ratio is given with respect to that of cyclohexane (where <1 means 

lower molecules for unit volume than cyclohexane, and >1 more molecules, respectively). 

The cross section is expressed in units of cm2 sr-1 molecule-1. The listed errors (Table 3.4) 

stem from possible errors in the volume and mass measurements, the shot to shot variability 

and reproducibility of the peak fitting and integrations procedure.  
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Figure 3.6 Remote Raman spectra of the 70 mg/ml KClO3 
water solution and 15 mg/ml K2ClO4 water solution. Same 
experimental conditions as Fig. 3.5. 

3.5.2 Cross section of ClO3 and ClO4 ions 

The remote Raman spectrum of the 70 mg/ml solution of KClO3 along with the 

remote Raman spectrum of the 15 mg/ml KClO4 solution were measured (Fig. 3.6). The three 

main signals in the KClO3 spectrum at 930, 615, and 479 cm-1 correspond to vibrations of the 

ClO3
- ions. The main band at 930 cm-1 is produced by the symmetrical stretching vibration of 

the Cl-O bonds and has a calculated cross section of 5.52 x 10-30 cm2 sr-1 molec-1. Two 

additional bands appear at 479 and 615 cm-1 corresponding to the υ3 and υ4 vibrational 

modes of the ClO3
- ions (Ramdas, 1953; Robinson, 1963; Sprowles and Plane, 1975). The 

spectrum also shows the O-H bending modes of the water solvent at around 1630 cm-1. These 

peaks appear in the subsequent Raman spectra of water solutions along with the Raman lines 

of the different polyatomic species. The Raman spectrum of the 15 mg/ml solution of KClO4 

(Fig. 3.6) shows its characteristic main vibration at 933 cm-1 corresponding to the 

symmetrical stretching vibration of the tetrahedral ion ClO4
- with a calculated cross section of 

5.45·cm2 sr-1 molec-1. Additional bands appear in the spectrum at 461 and 631 cm-1 in good 

accordance with previous measurements (Ross, 1962; Stein and Appelman, 1983). The value 

of the differential Raman cross section of the main band is on the order of that in Dudik et al. 

(1985) adjusted for 532 nm using equation (12), 11.06 x 10-30 cm2 sr-1 molec-1. The factor of 
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two difference probably arises from the reference data used for that study (Abe et al., 1977), 

which was obtained from Raman measurements of a solution of benzene and cyclohexane 

with different excitation wavelengths and scattering geometries.  

 
Figure 3.7: Remote Raman spectra of the 100 mg/ml KNO3 
water solution and 100 mg/ml NH4NO3 water solution. 
Same experimental conditions as Fig. 3.5. 

 

3.5.3 Cross section of NO3 ion 

The Remote Raman spectra of the KNO3 and NH4NO3 water solutions (Fig. 3.7) are 

very similar to each other, as expected. They show Raman peaks corresponding to vibrations 

of the NO3
- ions. The main band corresponding to symmetrical stretching of the N-O bond 

appears at 1046.6 cm-1. The differential Raman cross sections for this signal are 5.3 and 

5.6·10-30 cm2 sr-1 molec-1, obtained from the spectrum of KNO3 and NH4NO3 water solutions, 

respectively. Additional NO3
- ion Raman bands appear in the NH4NO3 solution spectrum at 

716 and 1389 cm-1 with υ4 and υ3 character, respectively (Rousseau et al., 1968). The slight 

differences in the peak positions (0.6 cm-1) and cross sections are probably caused by 

different cation perturbations induced by the different K+ and NH4
+  ions also present in the 

solution (Dean and Wilkinson, 1985). The differential cross section provided by Dudik et al. 
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(1985) for the nitrate ion is 9.49 x 10-30 cm2 sr-1 molec-1, corrected for the wavelength 

difference. The reasons for the small discrepancy are the same as for the differential Raman 

cross section of perchlorate, described previously. 

 
Figure 3.8: Remote Raman spectra of the 100 mg/ml 
K2CO3 water solution and 100 mg/ml K2SO4 water 
solution. Same experimental conditions as Fig. 3.5. 

3.5.4 Cross section of CO3 ion 

The remote Raman spectrum of the K2CO3 water solution in (Fig. 3.8) shows its main 

Raman band at 1065 cm-1, arising from the symmetrical stretch mode of oxygen in the CO3
-2 

ions (Bischoff et al., 1985). The obtained differential cross section value is 1.91 x 10-30 cm2  

sr-1 molec-1.  

3.5.5 Cross section of SO4 ion 

Tthe 980 cm-1 line in the K2SO4 water solution spectra (Fig. 3.8) corresponds to the 

symmetrical stretching mode of oxygen in the SO4
2- ions.  The two additional sulfate peaks 

found at 618 and 1113 cm-1 arise from internal antisymmetrical stretch vibrations, υ4 and υ3, 

respectively (Rull and Sobrón, 1994; White, 2009; Wiens et al., 2005). A cross section value 

of 4.96 x 10-30 cm2 sr-1 molec-1 for the main 980 cm-1 was obtained. As for the cases of the 

perchlorate and nitrate ions, the adjusted value provided by Dudik et al. (1985), 8.62 x 10-30 

cm2 sr-1 molec-1 is about a factor of two higher that the number obtained in this study. Despite 

the systematic higher values, likely caused by different laser wavelength used in their study, 
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the result of their study yielded the cross sections of the Raman symmetrical stretching lines 

of the perchlorate, nitrate, and sulfate ions with values within 15% of each other, in good 

agreement with the results in this study.  

3.5.6 Cross section of PO4 ion 

The Raman spectra of the Na3PO4·12H2O and the Na2[B4O5(OH)4 ] 8H2O water 

solutions (Fig 3.9) show low signal to noise ratio resulting from the low molar concentration 

of the phosphate and borate ions in the solutions, and not necessarily due to smaller cross 

sections of the measured Raman signals. The Na3PO4·12H2O 100mg/ml water solution shows 

its main line at 937 cm-1, the symmetrical stretching mode of the PO4
-3 tetrahedral ion, 

consistent with previous studies (Pye and Rudolph, 2003). In this solution, the symmetrical 

stretching mode of HPO4
-2 at around 987 cm-1 is not observed coming from the reaction PO4

3- 

+ H2O ↔ HPO4
2-+OH- of the phosphate ion with water because of its low concentration 

(0.0862M). A value for the cross section of the symmetrical stretching mode of the PO4
-3 

tetrahedra of 3.35·10-30 cm2 sr-1 molec-1 was obtained. 

 

 

Figure 3.9: Remote Raman spectra of the 100 mg/ml 
Na3PO4·12H2O 100 mg/ml water solution and 100 mg/ml 
Na2[B4O5(OH)4]·8H2O water solution. Average of five 150 
pulses acquisitions, gain 250, 25 mJ/pulse. 
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3.5.7 Cross section of BOx ion 

The remote Raman spectrum of the Na2[B4O5(OH)4] 8H2O 100 mg/ml water solution 

(Fig. 3.9)  shows two main bands at 747 and 878 cm-1 Raman shift. As sodium tetraborate 

enters water solution, the borate dissociates into B4O7
-+3H2O→2H3BO3+2BO2

- (Manov et 

al., 1944). The Raman bands observed are the symmetrical stretch of the BO2
-2 ion in solution 

at 745 cm-1 and the symmetrical stretch of the unbounded BO3
-3 ion at 876 cm-1 (Hibben, 

1939). Therefore it is possible to calculate a cross section value for the BO2 group and the 

orthoborate ion BO3
-3, which is present in several borate minerals such as borax and kernite 

(Giese, 1966; Kalidasan et al., 2015). Thus, one obtains values of 6.79 x 10-31 and 2.92 x 10-31 

cm2 sr-1 molec-1 for the differential Raman cross sections of the BO2
-2 and BO3

-3 ions, 

respectively.  

 

 
Figure 3.10: Remote Raman spectra of acetone and 
acetonitrile. Same experimental conditions as Fig. 3.5. 

The measured Raman spectra of the organic liquids, and water are a perfect match 

with the Raman spectra of the corresponding chemical and most show a wealth of Raman 

signals in the fingerprint region. This study reports the Raman cross sections of the most 

intense or more distinct bands, as well as the cross section of some of the C-H, O-H, C-N, or 

C-Cl symmetrical stretching regions.  
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3.5.8 Cross section of acetone 

The Raman spectrum of acetone (Fig. 3.10) shows the main band at 788 cm-1 arising 

from C-C bond stretch vibrations (Shimanouchi, 1972) and gives a Raman cross section of 

2.04 x 10-30 cm2 sr-1 molec-1, and the CH3 group symmetrical stretch signal at 2926 cm-1 

(Shimanouchi, 1972) with a cross section value of 1.06 x 10-29 cm2 sr-1 molec-1.  

3.5.9 Cross section of acetonitrile 

In the Raman spectrum of acetonitrile (Fig. 3.10) three strong signals were selected at 

920, 2253, and 2944 cm-1 corresponding to C-C stretch, C-N stretch, and CH3 symmetrical 

stretch vibrations, respectively. The obtained cross section values were 5.63 x 10-31, 2.87 x 10-

30, and 4.20 x 10-30 cm2 sr-1 molec-1.  The corrected literature values of Dudik et al. (1985) are 

8.71 x 10-31 and 7.16 x 10-30 cm2 sr-1 molec-1 for the 920 and 2253 cm-1 signals with 514 nm 

excitation, in good agreement with the values from this study given the wavelength 

difference.  

3.5.10 Cross section of methanol 

In the Raman spectrum of methanol (Fig. 3.5) the C-O stretch line at 1033 cm-1 and 

the broad C-H symmetrical and antisymmetrical stretch Raman signals in the C-H stretching 

region were selected. The latter is composed of two broad main signals. The integrated 

overall Raman intensity between 2650 and 3100 cm-1 (Mammone et al., 1980) represents 

cross section values of 8.62 x 10-31 and 6.36 x 10-30 cm2 sr-1 molec-1for the C-O stretch and C-

H stretch lines, respectively.  

3.5.11 Cross section of ethanol  

In the ethanol Raman spectrum (Fig. 3.11) three regions were selected: the strong peak at 883 

cm-1 corresponding to C-C stretch vibrations; and the regions between 2780 and 3100, and 

3130 and 3670 cm-1, corresponding to CH3 stretch and O-H stretch vibrations, respectively 

(Mammone et al., 1980; Yu et al., 2007). Thus, Raman cross section values of 9.67 x 10-31 

cm2 sr-1 molec-1 for the 885 cm-1 signal and 1.37 x 10-29 and 2.37 x 10-30 cm2 sr-1 molec-1 for 

the CH3 and O-H stretching lines, respectively were obtained. 
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Figure 3.11: Remote Raman spectra of ethanol and 2-
propanol. Same experimental conditions as Fig. 3.5.  

3.5.12 Cross section of 2-propanol  

Similarly, in the spectrum of 2-propanol (isopropanol) the strong C-C stretch band at 

819 cm-1 and two regions centered at 2921 and 3354 cm-1 with signals arising from C-H and 

O-H stretch vibrations, respectively (Yu et al., 2014) were chosen. While processing this 

spectrum every peak was curve fitted to better separate C-H and O-H contributions. The 

centers listed as 2920 and 3354 cm-1 are actually centers of mass as weighted by spectral area 

contribution. They are composed of 5+ large peaks corresponding to C-H stretch vibrations 

and two broad bands corresponding to O-H stretch vibrations. Values of 1.68x10-30, 2.50 x 

10-29 and 5.22 x 10-30 cm2 sr-1 molec-1 as differential Raman cross section were obtained for 

each of the selected areas at 819, 2921, and 3354 cm-1. 

3.5.13 Cross section of dichloromethane. 

For the dichloromethane spectrum, the cross sections were determined for the 703 cm-

1 CCl2 symmetrical stretch peak, and the 2991 cm-1 CH2 symmetrical stretch peak as 4.40 x 

10-30 and 4.30 x 10-30 cm2 sr-1 molec-1, respectively (Shimanouchi, 1972).  
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3.5.14 Cross section of benzene 

For the Raman spectrum of benzene (Fig. 3.12) along with the Raman spectrum of 

nitrobenzene the line at 993 cm-1 was selected and the integrated spectral area between 2990 

and 3150 cm-1, correspond to the C-H ring stretching vibration and C-H stretch vibrations,  

 
Figure 3.12: Remote Raman spectra of benzene and 
nitrobenzene. Same experimental conditions as Fig. 3.5. 

respectively (Shimanouchi, 1972). Cross section values of 1.41 x 10-29 and 2.33 x 10-29 cm2  

sr-1 molec-1, respectively were obtained. Previous measurements by other authors of the 993 

cm-1 benzene peak cross sections yielded 2.67 x 10-29, 2.49 x 10-29, 2.35 x 10-29, 2.07 x 10-29 

cm2 sr-1 molec-1, as corrected from 514 nm laser excitation (Abe et al., 1977; Schomacker et 

al., 1986; Schrötter and Klöckner, 1979; Trulson and Mathies, 1986), and 0.834 x 10-29 cm2 

sr-1 molec-1, as corrected from 488 nm laser excitation (Skinner and Nilsen, 1968). All the 

literature values are of the same order as obtained in this study. The differences are probably 

the result from including a smaller peak at 983 cm-1 in the calculations, different excitation 

lasers, and pulsed versus CW lasers, and measurement techniques. Stimulated Raman was 

also observed in Raman from benzene in other experiments (Fig. 5.11). Therefore, another 

possible explanation is that older measurements of the cross section of benzene might be 

affected by some contribution of stimulated Raman, which has a larger cross section. 
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Similarly, the corrected literature value of 3.95 x 10-29 cm2 sr-1 molec-1 for the 3060 cm-1 line 

is within the order of the one reported here (McCreery, 2002). 

3.5.15 Cross section of nitrobenzene  

The C-N symmetrical stretch and the C-H stretch signals in the nitrobenzene spectrum 

located at 1347 and 3084 cm-1, respectively (Clarkson and Ewen Smith, 2003) were selected 

and yielded 3.96 x 10-29 and 2.04·10-29 cm2 sr-1 molec-1 for each of the signals. The cross 

section of the C-N symmetrical stretch line in liquid nitrobenzene was obtained by (Sakamoto 

et al., 1993) with a 488 nm laser. Correcting for 532 nm laser excitation, their value is 2.49 x 

10-29 cm2 sr-1 molec-1, which is in reasonably good agreement with the result from this study.  

3.5.16 Cross section of carbon tetrachloride 

The 459 and 217 cm-1 lines in the carbon tetrachloride spectrum correspond to 

symmetric stretch vibrations and symmetric degenerated deformation vibrations in the CCl4 

highly symmetric molecule (Shimanouchi, 1972). Thus, cross section values are 1.06 x 10-29 

and 6.39 x 10-30 cm2 sr-1 molec-1 for these two Raman signals. The cross section of the 459 

cm-1 line in a 90% solution of CCl4 in CS2, corrected from 488 nm laser excitation, is 7.95 x 

10-29 cm2 sr-1 molec-1 (Yin et al., 2005). Their work suggests that the cross section is lower at 

full concentration, in good agreement with the result of this study. 

3.5.17 Cross section of water 

Finally, the measured spectrum of water (Fig. 5) shows all the expected Raman 

signals. The 456 cm-1 librational mode of liquid water and the O-H stretching region curve 

fitted between 2700 and 3900 cm-1.  The O-H bending peaks are also visible in the spectrum 

at around 1630 cm-1, as are lower frequency translational modes in the lower end of the 

measurement range (Carey and Korenowski, 1998). A cross section value of 1.67 x 10-32 cm2 

sr-1 molec-1 for the 456 cm-1 librational mode and 4.96 x 10-30 cm2 sr-1 molec-1 for the O-H 

stretching region were obtained. This latter value is in agreement with the values obtained 

and reviewed by Faris and Copeland (1997), approximately 5 x 10-30 cm2 sr-1 molec-1 for 532 

nm laser excitation. 

 

3.6 Conclusions 

The Raman cross sections of various organic liquids and inorganic polyatomic ions 

determined in this study were obtained using remote Raman systems with a 532 nm pulsed 

laser. The laser excitation wavelength, type, and measurement geometry are similar to those 
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of the Raman systems in upcoming Mars planetary missions. The differential cross sections 

obtained in this study are in good agreement with literature values. Some values are a match 

with previous studies, which validates the methods and results used. The cross sections 

obtained especially agree with previous studies with 532 nm laser excitation (water) and with 

532 nm pulse lasers (cyclohexane C-H), stressing the need to measure cross sections for 

particular wavelengths and geometries. The small discrepancies seem to result from different 

wavelength excitations and measurement geometries. The selected sample suite allows one to 

provide Raman cross section values for polyatomic ions of interest to planetary science. The 

presented Raman cross-section values will provide a baseline for the detection capabilities of 

the upcoming and future planetary Raman systems, as well as serve as a tool for the 

interpretation of the measured spectra. 

  



74 

 

 

 

 

 

 

 

 

CHAPTER 4: REMOTE DETECTION OF AMINO ACIDS AND 

ORGANICS USING A COMPACT REMOTE RAMAN 

INSTRUMENT 
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4.1 Abstract 

Sharp spectral Raman features are widely recognized to provide univocal and accurate 

chemical characterization of organic and inorganic compounds. Therefore Raman 

spectroscopy can be used to detect biological materials and biomarkers in the context of 

planetary exploration. Amino acids are of particular interest as they are the basic constituents 

of proteins and nucleic acids. A portable, compact time-resolved remote-Raman instrument is 

used it to demonstrate daytime detection of amino acids and nucleobases from a distance of 8 

m. The measured spectra allowed to univocally identifying 20 proteinogenic amino acids, 

four nucleobases, and some non-proteinogenic amino acids, despite the presence of native 

fluorescence, especially in aromatic compounds. α and β amino acids could also be 

distinguish from each other, as well as different polymorphs. The used remote Raman system 

is well suited for planetary exploration applications, with no requirement for sample 

preparation or collection, and rapid measurement times. 

 

4.2 Introduction 

Water, water bearing minerals, organic compounds, and elements such as C, N, O, S, 

P, H, Fe, Mn, etc., are necessary for biological processes. The detection of these elements and 

compounds plays a significant role in NASA’s search for past and present life in the Solar 

System.  

The detection of biological materials and biomarkers is an important part of the 

NASA planetary exploration program (Mustard et al., 2013). Amino acids and nucleobases 

are of particular interest because they are essential for life as the basic constituents of proteins 

and nucleic acids. Amino acids have been reported in Martian meteorites. Callahan et al. 

(2013) reported extraterrestrial γ-amino-n-butyric acid (γ-ABA), β-alanine (β-ala), and 

glycine in the Martian shergottite RBT 04262. Glycine has also been reported in samples 

returned by NASA’s Stardust spacecraft from comet 81 P/Wild 2 (Elsila et al., 2009). Among 

the amino acids found there are proteinogenic (e.g., L-alanine (L-ala) or L-Glutamic acid (L-

glu)), and non-proteinogenic (e.g., β-aminoisobutyric acid, β-AIB). Recently, the Rosetta 

mission provided evidence of the presence of nonvolatile organic macromolecules on the 

surface of the comet 67P/Churyumov-Gerasimenko (Capaccioni et al., 2015). Amino acids 

and nucleobases are also found in other primitive Solar System materials, such as CM, CR, 

and CI carbonaceous chondrites (Botta et al., 2007; Callahan et al., 2011; Pearce and Pudritz, 
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2015), and have been studied as Titan chemical analogs (Khare et al., 1986; Neish et al., 

2010). 

Raman spectroscopy has been recognized as a powerful technique capable of 

identifying a large variety of chemicals, including: pure elements (e.g., carbon, silicon, and 

sulfur,); simple molecules (e.g., diatomic oxygen and nitrogen, water, carbon dioxide, etc.); 

inorganic chemicals (e.g., carbonates, oxides, perchlorates, nitrates, sulfates, etc.); organic 

compounds (e.g., polyaromatic hydrocarbons (PAHs), methane, and methane hydrates); 

biogenic compounds (e.g., amino acids, proteins, sugars, etc.); and rock forming minerals 

(calcite, gypsum, olivine, etc.). Raman spectra can be obtained from any state of aggregation 

(solid, liquid, and gas phase). Raman spectroscopy has been successfully used for the 

detection and characterization of amino acids and nucleobases (Jenkins et al., 2005; Otto et 

al., 1986), which demonstrates the potential of Raman spectroscopy for planetary exploration 

(Mustard et al., 2013). 

 

4.3 Instrument description 

A micro-Raman spectrometer could be mounted in the payload of a lander vehicle as a 

contact instrument, e.g., the RLS Raman spectrometer added onboard the ExoMars rover 

instrument suite for future ESA Mars exploration mission (Edwards et al., 2012; Lopez-

Reyes et al., 2013). A remote system would save precious time and risky traverses. At the 

University of Hawai‘i, a compact, high throughput, portable remote Raman, fluorescence, 

and laser-induced breakdown spectroscopy (LIBS) system was developed with a 532 nm 

pulsed laser for planetary exploration under the Mars Instrument Development Program 

(Gasda et al., 2015; Misra et al., 2011). The compact time-resolved remote Raman, 

fluorescence and LIBS system (Fig. 4.1.) consists of: (1) a telescopic 500 mm Bower (F/8) 

camera lens as collection optics; (2) a custom made miniature spectrograph that occupies 

1/14th the volume of a comparable commercial spectrograph from Kaiser Optical Systems 

Inc.; (3) a custom mini-ICCD detector from Syntronics LLC; and (4) a small frequency-

doubled 532 nm Nd:YAG pulsed laser (Big Sky Laser - Ultra) with (5) a 10x beam expander. 

The system is completed with: (6) a 532 nm 



77 

 
long pass filter (Semrock); (7) an optical coupling lens (f30 mm, F1.2); and (8) a front coated 

laser mirror and  (9) a regular aluminum mirror acting as turning mirrors. The laser power is 

adjustable up to 30 mJ per pulse at 20 Hz. The beam expander allows varying the laser spot 

size at 10 m distance between ~300 μm and a few centimeters. The two turning mirrors make 

the system coaxial, with the Raman scattered signal measured by the backscattering 

geometry.  The scattered signal is collected through the camera lens and focused in the 50 μm 

entrance slit of the spectrometer with the help of the coupling lens. The long pass filter 

between the camera lens and the coupling lens rejects intense 532 nm Rayleigh scattering 

coming from the sample. The system is mounted atop a Quickset pan and tilt mount and a 

utility cart, allowing it to aim samples in different directions.  The ICCD detector, pan, and 

tilt mount are all controlled by a computer. The spectral images were acquired using custom 

software developed by HIGP software engineer Mr. Mark Wood, using the control software 

provided by the manufacturer as a starting point.  In the remote Raman mode the system is 

 
 
Figure 4.1: Portable remote Raman, fluorescence and LIBS system at the University of 
Hawai‘i. Inset shows the L-tryptophan being excited by the laser at 8 m distance (placed 
to the right of this image). 
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capable of measuring various minerals, water, ices, and atmospheric gases from a 50 m range 

with a 10 s integration time. At shorter distances of 10 m or less, good quality Raman spectra 

can be obtained within 1 s. The time-gated system is capable of detecting both the target 

mineral as well as the atmospheric gases before the target using their Raman fingerprints. 

Various materials can easily be identified through glass, plastic, and water media. The time-

gating capability makes the system insensitive to an enclosing window material, which is 

highly desirable for future missions to Venus (where instruments are expected to be within 

the lander), and allows for time resolved spectroscopy. Using time resolution, luminescence 

can be minimized during Raman measurements and fluorescence life-time measurements can 

be performed as well. Inversely, the timing can be adjusted to measure the fluorescence, 

which can aid in the characterization of organics (Berlanga et al., 2015). The remote LIBS 

range is 10 m and LIBS spectra of various minerals can be obtained with single laser pulse 

excitation. The remote LIBS capability provides additional elemental verification of the 

targeted material (Gasda et al., 2015). 

 

4.4 Samples and methodology 

The measured samples were all of the proteinogenic amino acids (21 L-amino acids 

and glycine kit, Fluka, Sigma-Aldrich), some non-proteinogenic amino acids such as 2-

aminoisobutyric acid, sarcosine, and five nucleobases (purchased from Sigma) along with 

several polyaromatic hydrocarbons, such as anthracene.  Samples were placed and measured 

inside glass vials. Glass has a significantly lower Raman cross-section compared with of 

organics and amino acids. Remote Raman measurements were recorded from 8 m distance 

with 200 laser pulses excitation (10 s at 20 Hz) using a 10 mJ/pulse laser power output, and 

an approximately 8 mm laser spot on the target. The delay of the gated ICCD camera was 

adjusted at -400 ns to pre-trigger the camera at the arrival of the Raman signal, with a 400 ns 

camera gate width. Because the ICCD is only exposed for 0.84 μs the Raman signal is easily 

measured in well lit environments. The mini-ICCD detector was operated using our custom 

software and spectra were wavelength and intensity calibrated using UH-Raman LIBS v.1.61 

software. Raman spectra shown in Figures 4.4 through 4.7 were baseline corrected using the 

commercial software Grams/AI 7.02.  
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4.5 Results 

 
The Raman spectrum of the non-proteinogenic amino acid 2-aminoisobutyric acid 

illustrates the ability of the miniature spectrometer to measure the entire spectrum in one 

single acquisition (Fig. 4.2). The Raman spectra of five nucleobases fall in the ranges 300 to 

1800 cm-1 (the Raman fingerprint region) and 2800 to 3400 cm-1 (C-H stretching region) 

(Fig. 4.3). Most of the nucleobases are easily detectable, with the exception of guanine, 

because of a large fluorescence background. A faster laser pulse and optical detector could 

help separate the Raman signal from fluorescence in the time domain.  

 
Figure 4.2: Raman spectrum of the non-proteinogenic amino acid 2-aminoisobutyric 
acid. Integrated over 200 laser pulses, 30 mJ/pulse, at 10 m range. 



80 

 

 
Figure 4.4: Raman spectra of aminoacids with aromatic rings  L-
phenylalanine (Phe), L-tyrosine (Tyr), L-tryptophan (Trp), L-histidine 
(His) and L-proline (Pro). Integrated over 200 laser pulses, 30 mJ/pulse, 
at 10 m range. Histidine and proline spectra have been scaled for clarity. 

 
Figure 4.3: Raman spectra of adenine (A), guanine (G), thymine (T), 
cytosine (C) and uracil (U). Integrated over 200 laser pulses, 30 
mJ/pulse, at 10 m range. Spectra are vertically shifted for clarity. 
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(Blacksberg et al., 2016). The Raman spectra of 14 proteinogenic amino acids and β-alanine 

were measured in the ranges 300 to 1800 cm-1, and 2600-3600 cm-1 (C-H stretching) (Fig. 4.4 

through 4.8). The measured Raman peaks of the 20 proteinogenic amino acids along with 

their relative intensities were listed (Tables 4.1 through 4.5); as well as the the Raman shifts 

and assignments for the most prominent fingerprint Raman bands detected in the remote Raman 

spectra of the 20 standard amino acids (Table 4.6). The majority of the Raman bands in the 

Raman fingerprint region arise from CH, CH2, and CH3 deformation vibrational modes. The 

range between 2600 and 3600 cm-1 shows bands that result from C–H stretching, aromatic C-

H stretching, NH2 stretching, and O-H stretching, and that are about four times more intense 

than the strongest bands in the fingerprint region. The bands in the range 2600 to 3000 cm-

1correspond to C-H stretch vibrations. The aromatic C-H stretch vibrations appear in the 

region from 3000 to 3100 cm-1 (Fig. 4.4). The stretch vibrations of NH2 are observable in 

primary amines (Arg, His, Lys, Fig. 4.5) from 3330 to 3400 cm−1. The heterocyclic ring 

structure of histidine, an α-amino acid, can be characterized by two sharp bands at 3109 and 

3160 cm−1 (Brulé et al., 2014; Culka et al., 2010; Du et al., 2014; Movasaghi et al., 2007; 

Sjöberg et al., 2014; Zhu et al., 2011).  

  

 
Figure 4.5: Raman spectra of amino acids with electrically charged side chains. 
L-aspartic acid (Asp), L-arginine (Arg), L-lysine (Lys), L-glutamic acid (Glu) 
and L-histidine (His). Integrated over 200 laser pulses, 30 mJ/pulse, at 8 meter 
range. Right hand box in the figure shows the same spectra in the C-H 
stretching and O-H stretching region. Spectra are baseline corrected and 
vertically shifted for clarity.
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Table 4.1: Peak positions and relative intensities measured in the spectra of 
amino acids with aromatic rings. 

Trp* RI Pro RI Phe RI Tyr His RI 
   158.9 vw 158.3 m 
   191.5 w 
   253.9 vw 267.2 m 
   319.0 w 310.4 vw 295.2 vw 
   335.4 vw   
   362.9 w 379.1 vw 382.1 m 
   413.7 vw 431.2 w   
  448.2 w 468.5 w 472.5 vw 490.3 w 
  491.4 vw   
   525.9 vw 526.1 vw 530.7 w 
   605.5 vw 606.2 m 

641.2 vw, sh 621.9 w 641.3 w 649.8 vw,d 
  694.5 vw 683.1 vw   

 714.4 vw 694.6 w 
755.9 m  747.5 w 741.9 vw   

 786.3 vw 797.5 w 805.7 w 
 820.7 m 829.1 vs 824.3 w,sh 

841.6 w 833.2 m 845.9 m   
874.6 w  879.5 m 874.3 m 

898.2 s 896.5 vw   
  919.2 w 913.8 vw 915.5 w 
  951.4 vw 951.6 vw 960.7 w 

984.4 vw 984.7 w 977.4 m 
1009.0 s  1004.3 vs   

  1033.0 w   
1056.5 w 1043.4 w 1065.5 w 
1082.2 vw 1098.3 vw 1079.4 vw 

1113.8 vw   
1036.0 m 1154.6 vw 1141.7 w 
1157.3 w 1161.9 vw 1161.4 s 

1174.6 w 1184.8 w 1178.3 m 1189.5 w 
1200.1 m   

1214.9 m 1213.5 w 1207.1 w 
1237.7 w 1247.3 w   
1264.3 vw 1265.1 m 1262.0 m 
1285.8 vw 1308.2 w 1282.9 vw   

1336.3 w 1349.9 vw 1340.3 w 1326.8 vs 1312.2 m 
1358.3 s 1374.1 w 1353.2 w 1364.5 m 1360.3 w 

1411.1 vw 1419.2 w 1417.2 vw 
1423.7 m 1438.1 vw 1433.9 m 1432.7 vw 
1457.9 vw 1450.8 w 1446.8 vw 1518.8 vw 1449.9 m 

   1482.8 s 
1557.2 m    
1575.8 w 1587.1 w 1590.0 vw   

1605.0 m,d 1602.3 vw
1613.9 m

2864.5 w 2931.7 m 2949.1 vs 
  2948.4 m, sh 2928.4 m 2965.3 vs,d 2971.3 w 
  2984.5 w 2969.1 w 3015.7 w 3023.4 w 

3057.0 s 3006.4 s 3047.6 m 3040.9 w 3109.99 s 
m 3067.0 vs,d 3062.3 s 3160.3 s 

3407.0 3210.5 w 3408.3 w 
*Trp has the strongest fluorescence in the Raman spectra excited with 532 nm laser (see Fig. 4.4) 
Abbreviations: doublet or multiple unresolved lines (d); shoulder (sh); very weak (vw); weak (w); medium (m); 
strong (s); very strong (vs). Trp = trypthophan; Pro = proline; Phe = phenylalanine; Tyr = tyrosine; His = histidine 
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Table 4.2:Peak positions and relative intensities measured in the 
spectra of amino acids with electrically charged side chains. 
Histidine is listed in table 4.1 as it is also an aromatic amino acid. 

Glu Lys Arg Asp 
187.9 Vw 

290.2 s 272.1 w 
388.6 m 324.6 w 388.2 vw 357.3 w 

420.0 vw
471.8 vw 452.7 vw 467.4 w 

502.2 w 
538.4 s 523.2 w
577.4 w 545.5 m 569.1 vw 551.7 w 

607.6 w 599.1 vw 
665.1 vw

708.5 w 747.3 vw 
762.2 w 758.7 vw 777.7 w 
802.6 w 

847.7 m, sh
866.5 vs 858.7 m 856.8 vw 871.6 w 
919.9 s 903.5 m 900.2 vw 901.2 vw 
942.1 w 936.6 m 937.2 vs 
969.7 w 957.9 w 970.0 vs

996.0 w 990.3 vw 
1006.8 w 1021.4 w
1034.8 vw 1046.3 m

1062.3 w 1054.1 s 1068.8 w
1087.2 sh,w 1079.2 w 1090.8 w,d 1081.6 w 
1127.5 w 
1149.2 vw 1143.5 d 1134.8 w 1119.3 vw 

1174.8 vw,d
1215.9 vw 1215.2 w,d

1286.1 vw 1256.3 vw 
1310.2 w 1309.4 vs,d 1319.7 m,d

1335.8 m 
1351.4 s 1349.5 d 1358.3 m 1359.8 vw 
1407.7 s 1420.5 vw 1411.2 m 1418.3 w 
1437.4 w 1441.2 s 1440.3 m

1458.9 s,d 1464.7 w
1512.4 vw 1525.9 vw

1595.7 w
1628.7 vw

1658.4 w 1691.4 vw 

2869.7 m 2770.8 vw
2880.8 s

2912.8 vs 2919.7 vs
2935.1 vs 2932.6 m
2971.7 vs 2959.3 m 2955.8 vs 

2973.3 w
2992.3 m 2997.4 m 2996.5 s 
3017.3 w 3014.6 w 

3205.8 w
Abbreviations: doublet or multiple unresolved lines (d); shoulder (sh); very weak (vw); weak 
(w); medium (m); strong (s); very strong (vs). Glu = glutamic acid; Lys = lysine; Arg = 
arginine; and Asp = aspartic acid.
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Table 4.3: Peak positions (cm-1) and relative intensities (RI) measured 
in the spectra of amino acids with polar uncharged side-chains. 

Gln Thr Ser Asn 
344.3 w 337.1 vw 335.8 w, d 

383.8 vw 374.2 vw 
419.2 vw 408.1 vw 

453.6 m 446.5 w 450.2 vw 
513.4 m 520.0 vw 

543.0 sh,w 540.3 w 
563.5 s 582.0 vw 

623.8 m 609.4 m 606.5 vw,d 
653.8 vw 662.0 vw 

701.9 vw
743.2 vw 753.7 w, d 

777.5 w 798.1 w 
813.5 m 837.1 w, d 

849.4 vs 871.9 s 852.4 s 877.8 vw 
894.3 vw 

896.9 s 903.2 vw 921.5 w 910.7 vw 
925.9 vw 930.8 s 940.6 s 

967.9 w 986.0 vw 
1000.6 w 1007.6 m 1002.3 vw 
1052.4 m 1041.8 w,sh 1090 vw 1072.6 m 
1097.4 s 1195.1 w
1134.6 w 1114.4 s. sh 1131.3 vw,d 1107.2 vw 
1165.3 m 1153.0 m, d 
1204.9 vw 1219.6 vw,d 1235.2 w 
1284.9 w 1262.9 vw 
1308.7 m 1305.9 vw 1298.5 w
1331.2 s 1340.0 vs 1324.9 vs 1330.6 s 
1357.7 w 1358.6 m 
1418.5 s 1417.4 w 1414.9 w,d 1417.0 vs 
1450.1 m 1451.1 w 1461.7 m 1497.0 vw 
1498.4 w 
1551.0 vw 1548.0 vw 1560.9 vw 
1605.0 m 1598.3 vw
1623.1 w 1621.8 w,sh 
1647.1 w 1639.1 vw
1688.3 m 

2817.0 vw 2878.5 vs
2902.0 vw 2904.9 w
2932.7 vs 2940.4 s, sh 2941.9 vs,sh 
2959.1 vs 2977.4 m 2960.8 vs 2965.7 s 
2990.3 w 2996.8 m 2976.3 vs 

3021.6 s 2998.2 m
3180 3220  m 3070-3790 w 

3347.3 m 
3407.0 w 3391.0 s 

Abbreviations: doublet or multiple unresolved lines (d); shoulder (sh); very weak (vw); weak (w); 
medium (m); strong (s); very strong (vs). Gln = glutamine; Thr = threonine; Ser = serine; and Asn = 
asparagine.  
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Table 4.4: Peak positions (cm-1) and relative intensities (RI) measured 
in the spectra of the amino acids L-methionine (Met), L-leucine (Leu), 
L-isoleucine (Ile), and L-valine (Val). 

Val Ile Leu Met 
332.7 w 364.0 w 348.0 vw 337.5 w 

388.1 vw 352.8 w 
422.0 vw 402.6 vw 419.4 vw 
489.4 vw 457.3 m

541.7 vs 536.8 m 534.0 m 543.4 m 
556.4 w

664.4 w 675.8 w 669.8 w 644.4 w 
710.2 w 681.8 w 

753.3 w,d 749.5 m 720.4 vs 
776.2 m 768.9 w 773.4 vw 763.2 m 

801.6 vw 803.4 w 
824.3 w 825.5 w 835.9 s
849.5 m 852.5 w 846.9 vw

872.7 vw 874.2 m 
902.2 vw 922.6 m 923.9 m
948.3 s 944.7 w 952.8 w 
964.4 w 964.4 vw 963.5 w

993.1 m 1003.6 vw 986.4 vw 
1028.5 vw 1033.1 m,sh 1030.2 w
1066.1 vw 1090.7 w 1082.0 m
1124.9 w 1137.8 vw 1129.7 m
1185.8 vw,d 1189.0 vw 1180.1 m,d 1173.0 w,d 

1239.6 vw 1244.1 w 
1271.9 w 1297.3 w

1309.6 vw 1314.5 w 1320.3 m 
1330.6 w,d 1328.2 s 1340.6 vs,sh 1332.0 w 
1351.5 m,d 1355.0 s,sh 1352.5 m 
1397.6 w,d 1396.6 m

1418.6 vw 1408.1 m,d 1412.5 m 
1427.0 w 1425.6 m 
1452.6 s,sh 1447.6 vs,sh 1455.1 vs, sh 1447.3 s 
1509.9 w 1513.9 vw 1512.3 vw

1557.1 vw
1584.4 vw

1636.3 w 1625.0 w

2718.0 vw
2767.5 vw

2880.7 w 2855.8 vw 
2881.2 s 2875.5 s,d 2880.9 w 

2909.8 vs 2891.7 vs 2901.5 vs 2916.0 vs 
2946.1 m 2949.1 s, d 2935.9 s,d 2936.9 m 

2960.5 m
2969.9 vs 2967.8 s 2972.0 w,d 
2995.3 w,d 2993.5 w 2986.3 m

Abbreviations: doublet or multiple unresolved lines (d); shoulder (sh); very weak (vw); weak (w); medium 
(m); strong (s); very strong (vs).  
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Table 4.5: Peak positions (cm-1) and relative intensities (RI) 
measured in the spectra of the amino acids L-glycine (Gly), L-
cysteine (Cys), and L-α-alanine (Ala). 

Gly Cys Ala 
159.2 vw
192.9 vw
265.8 vw
283.7 vw, sh

356.8 vw 364.3 vw 323.1 vw
398.5 w, sh

443.2 m
503.3 m 
558.8 vw 536.0 w 531.8 w
606.0 vw 639.4 vs
685.1 w 692.3 w 652.3 vw

772.9 w 772.6 vw
806.6 vw
822.6 w

892.7 vs 868.4 w 851.2 vs
928.7 vw 940.9 w 920.7 vw

1006.3 vw
1048.0 w 1066.7 w 1019.9 w

1109.2 vw 1112.7 w
1155.1 vw 1140.4 vw 1146.9 vw

1199.6 w
1269.4 vw 1236.9 vw

1323.1 m 1294.0 w 1305.4 m
1336.5 m 1344.9 m 1358.7 m
1395.7 m,sh 1398.5 w 1409.0 w
1438.4 m 1424.9 m 1461.4 m

1482.2 m
1498.7 vw

1501.9 vw 1525.5 vw
1576.7 vw 1575.0 vw 1596.3 w
1674.2 vw 

2550.7 vs
2606.4 vw
2735.7 vw

2863.7 vw 2881.3 m
2934.8 m

2963.6 vs,d 2958.2 s 2966.4 vs
2987.2 m

2999.4 m 2998.6 w 3001.1 s
3103.6 vw 3080.1 vw

Abbreviations: doublet or multiple unresolved lines (d); shoulder (sh); very weak (vw); weak 
(w); medium (m); strong (s); very strong (vs). 
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Table 4.6: Raman shifts and assignments for prominent fingerprint Raman bands detected 
in the remote Raman spectra of the 20 standard amino acids. 

Amino acids with aromatic rings
Amino acid Raman shift (cm-1) Assignment 

Trp 1009.0 s Ring breathing (1)
 1358.3 s CH2 wagging (1)

Pro 898.2 s Ring breathing (5)
Phe 1004.3 vs Ring breathing (1)
Tyr 829.1vs Ring breathing + Fermi res.(1)

 1326.8 vs C-C antissym. ring stretching (3)
His 1161.4 s C-N stretching (3)

 1482.8 s C-N-C stretching (3)
Amino acids with electrically charged side-chains 

Amino acid Raman shift (cm-1) Assignment 
Glu 538.4 s  

 866.5 vs COOH deformation (1)
 919.9 s C–C–N stretching (1)
 1351.4 s N-C-H sym. stretching (4)
 1407.7 s COO– sym. stretching (1)

Lys 1054.1 s C-N stretching(amino side) (3)
 1309.4 vs C-C stretching (3)
 1441.2 s CH2 scissors (3)
 1458.9 s CH2 scissors (3)

Arg 290.2 s Lattice mode 
 970.0 vs C-C stretching (4)

Asp 937.2 vs out-of-plane bending vibration of the UH group from the carboxylic acid group (1) 
Amino acids with polar uncharged side-chains 

Amino acid Raman shift (cm-1) Assignment 
Gln 849.4 vs ν(CC) stretching (1)

 896.9 s ν(CC) stretching (6)
 1097.4 s ν(CN) sym. stretching (1)
 1331.2 s CH deformation (1)
 1418.5 s C-O stretching (6)

Thr 563.5s  Rocking CO2
- (1)

 1114.4 s  NH3 rocking (1)
 1340.0 vs  C-H derfomation (1)

Ser 852.4 s ν(CCN) sym. stretching (1)
 1324.9 vs C-O stretching (7)

Asn 940.6 s C-C stretching (1)
 1330.6 s C-N deformation (1)
 1417.0 vs C-N stretching (1)

Amino acids with hydrophobic side-chains 
Amino acid Raman shift (cm-1) Assignment 

Val 541.7 vs  CO2 rocking (4)
 948.3 s C-C stretching
 1452.6 s CH3 asym. deformation (4)

Ile 1328.2 s H-C-C wagging (4)
 1355.0 s COO sym. stretching (4)
 1447.6 vs Cγ asym. rocking (4)

Leu 835.9 s C-C sym. stretching (3)
 1340.6 vs  C-C stretching (3)
 1455.1 vs CH3 scissors (3)

Met 720.4 vs  C-S stretching (1)
 1447.3 s CH2, CH3 scissors (3)

Ala 851.2 vs ν(CCN) sym. stretching (1)
Other amino acids 

Amino acid Raman shift (cm-1) Assignment 
Gly 892.7 vs  ν(CCN) sym. stretching (3)

 1323.1 m CH2 wagging (3)
Cys 639.4 vs  COO= wagging (2)

 2550.7 vs S-H stretching (4)
References: (1) Culka et al., 2010; (2) Brulé et al., 2014; (3) Sjöberg et al., 2014; (4) Zhu el al., 2011; (5) Mary et al., 2009; (6) Baran et 
al., 2007; and (7) Murli et al., 2006. Abbreviations: Ala = α-alanine; Arg = arginine; Asn = asparagine; Asp = aspartic acid; Cys = 
cysteine; Glu = glutamic acid; Gln = glutamine; Gly = glycine; His = histidine; Ile = isoleucine; Lys = lysine; Leu = leucine; Met =  
methionine; Phe = phenylalanine; Pro = proline; Ser = serine; Thr = threonine; Trp = trypthophan; Tyr = tyrosine; and Val = valine. 
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Figure 4.7: Raman spectra of amino acids with polar uncharged side chains. L-
glutamine (Gln), L-asparagine (Asn), L-threonine (Thr), and L-serine (Ser). 
Integrated over 200 laser pulses, 30 mJ/pulse, at 8 meter range. Right hand plot 
in the figure shows the same spectra in the C-H stretching and O-H stretching 
region. Spectra are baseline corrected and vertically shifted for clarity. 

 
Figure 4.6: Raman spectra of the non-polar simple amino acids L-α-alanine 
and β-alanine. L-α-alanine is second to L-leucine in biological occurrence, in 
β-alanine the amino group is at the β-position from the carboxylate group. 
Right hand box in the figure shows the same spectra in the C-H stretching 
region. Integrated over 200 laser pulses, 30 mJ/pulse, at 8 meter range. Spectra 
are baseline corrected and vertically shifted for clarity. 
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The complexity of the bands in the low frequency region, and sensitivity of these bands to 

shift because of minute structural changes provide a fingerprint for each organic molecule. 

For example, the smallest amino acid glycine and exact polymorph were univocally 

identified. At ambient conditions, glycine exists as α-glycine (space group P21/n), β-glycine 

(space group P21) and γ-glycine (space group P31), with γ-glycine being the most stable 

phase followed by α- and β-glycine (Goryainov et al., 2006; Isakov et al., 2014). The peak 

positions of the NH3 rocking vibrational modes (1155.1 cm-1) in combination with the 

positions of the C-N stretch and CH2 symmetrical stretch vibrations (1048.0 and 2963.6 cm-1 

respectively) are characteristic of γ-glycine and they differ between the three polymorphs. 

Very similar amino acids, such as α- and β-alanine, can be easily distinguished by a slight 

shift in the lines of the Raman fingerprint region (Fig. 4.6). The CH deformational modes are 

found at slightly different positions because of the influence of the side-chain characteristics 

of each amino acid. Some bands result from vibrational modes on the side-chains. For 

example, L- phenylalanine (Fig. 4.4) is an aromatic amino acid and some Raman bands 

arising from CH rings are expected. The most prominent are found at 1004 cm-1 and 3068 

cm-1, arising from the ring-breathing vibration in mono-substituted aromatic compounds and 

aromatic C–H stretch vibrations, respectively  

 
Figure 4.8: Raman spectra of amino acids in the ranges 300 - 1850 and 2600 – 
3400 cm-1. L-methionine (Met), L-leucine (Leu), L-isoleucine (Ile), and L-
valine (Val). Integrated over 200 laser pulses, 30 mJ/pulse, at 8 meter range. 
Spectra are baseline corrected and vertically shifted for clarity. 
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Figure 4.9: Grouped table of the measured 20 standard amino acids’ structures. 
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(Elsila et al., 2009). The same bands in L-tryptophan are shifted to 1009 and 3057 cm-1, 

making the distinction between both amino acids straightforward and unequivocal.  A similar 

band arising from para-substituted ring vibration appears at 830 cm−1 in the L-Tyr spectrum. 

Both L- phenylalanine and L-tryptophan show some fast fluorescence that does not hinder the 

Raman detection capabilities at 8 m range. Similar fluorescence was also measured for L-

aspartic acid (Asp, Fig. 4.5), L-threonine (Thr, Fig. 4.7), L-serine (Ser, Fig. 4.7), and L-valine 

(Val, Fig. 4.8). For aromatic amino acids the fluorescence might arise from free electrons 

inside the aromatic rings, in the other amino acids it may be indicative of the biological origin 

of the measured material. This sensitivity to organics-derived florescence could also be of 

great help for the search of biomarkers in planetary exploration (Berlanga et al., 2015; Gasda 

et al., 2015). 

 

4.6 Conclusions 

Daytime detection of amino acids and nucleobases from a distance of 8 m is 

demonstrated using a portable, compact remote-Raman instrument. The remote Raman 

system is well suited for planetary exploration applications, with no requirement for sample 

preparation or collection, and has rapid measurement times. 
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CHAPTER 5: REMOTE RAMAN MEASUREMENTS OF 

MINERALS, ORGANICS AND INORGANICS AT 430 METER RANGE 
 

Submitted to Applied Optics as Acosta-Maeda, T.E., Misra, A.K., Sharma, S.K., 

Berlanga, G., Muchow, D., and Muzangwa, L. (2016) Remote  Raman  Measurements of 

Minerals,  Organics and Inorganics at 430 m Range 
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5.1 Abstract 

Raman spectroscopy is a characterization technique able to identify different 

molecules and crystal arrangements based on the interaction of the energy of their vibrational 

and rotational modes with light. The capability to analyze and detect water or water bearing 

minerals, minerals and organic materials is of special interest for planetary science, as they 

can indicate habitability or provide information about the geological context of the sample. 

Using a portable pulsed remote Raman system with a commercial 8” telescope a frequency 

doubled Nd-YAG pulsed laser and a spectrometer equipped with an intensified CCD camera, 

it was possible to acquire good quality Raman spectra of various materials from a 430 meter 

remote distance during daylight with detection times of 10 seconds, and as low as 1 second, 

in the realistic context that both the exciting source and the detector are part of the same 

measurement system. Remote Raman spectra at this distance provided unambiguous 

detection of compounds important for planetary science, such as water and water ice, dry ice, 

sulfur, sulfates, various minerals and organics, and atmospheric gases. These materials were 

both strong Raman scatters such as sulfur and weaker scatters such as water. Similar to a 

LIDAR system, the gated capability also allows measuring distance and performing distance 

selective measurements. This research work demonstrates significant improvement of the 

remote Raman technique as well as its suitability for Solar System exploration. 

 

5.2 Introduction 

Raman spectroscopy is a characterization technique able to identify different 

molecules and crystal arrangements based on the interaction of the energy of their vibrational 

and rotational modes with light (Ferraro et al., 2003). Molecular vibrational modes have 

particular energies unique to each chemical as they depend on atoms, bond strength and 

distance as well as molecular symmetry (Colthup et al., 1990). In the Raman Effect, the light 

scatters inelastically and yields a spectrum with frequency shifts from the light source, 

univocally identifying chemical compounds. Raman spectra can be obtained from gas, liquid 

or solid phases. In solids, Raman spectra also provide information on lattice modes, allowing 

to distinguish between mineral polymorphs (Triebold et al., 2011) and isomorphs (Frost et al., 

2004).  Raman spectroscopy requires no sample preparation and can provide univocal 

chemical characterization, of both organic and inorganic materials, without sample damage, 

and has successfully being used in a variety of fields ranging from geology to national 

security (Fini, 2004; Griffith, 1969; Hanlon et al., 2000; Kiefert and Karampelas, 2011; 
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Moore and Scharff, 2009; Petry et al., 2003; Rull Perez et al., 1999). Not surprisingly, Raman 

has been proposed and demonstrated as a powerful tool for planetary exploration (Angel et 

al., 2012; Rull Pérez and Martinez-Frias, 2006; Sharma et al., 2011; Wang et al., 1995). 

Micro-Raman systems have demonstrated their power by provided high quality spectra of 

small mineral grains in planetary materials (Wang et al., 2004) and a micro Raman 

instrument is part of the payload of the ExoMars 2018 mission of the European Space 

Agency (Lopez-Reyes et al., 2014).  Remote Raman systems incorporate new traits to the 

Raman technique. Remote Raman systems are fitted with gated lasers and detectors which 

can perform fast measurements of planetary analogs under daylight at increasing distances 

(Misra et al., 2012; Rull et al., 2011; Sharma et al., 2011; Sharma et al., 2006; Sharma et al., 

2009). The remote Raman technique employs lasers and detectors that can be timed down to 

nanoseconds, allowing for full Raman spectrum measurements while avoiding daylight 

background and some of the long-lived fluorescence that can undermine some Raman 

measurements (Blacksberg et al., 2016; Misra et al., 2005). In recent years, several research 

teams have been developing remote Raman systems in a wide area of applications (Bremer 

and Dantus, 2014; Bykov et al., 2015; Carter et al., 2005b; Dantus, 2014; Dogariu, 2013; 

Fulton, 2011; Gaft and Nagli, 2008; Gasda et al., 2015; Hokr et al., 2014; Hopkins et al., 

2016; Izake et al., 2012; Lin et al., 2013; Loeffen et al., 2011; Moros and Laserna, 2011; 

Moros et al., 2011; Moros et al., 2013; Pettersson et al., 2010; Ramírez-Cedeño et al., 2010; 

Rull et al., 2011; Scaffidi et al., 2010; Sharma et al., 2011; Sharma et al., 2006; Sharma et al., 

2009; Sharma et al., 2007; Wiens et al., 2016; Wu et al., 2000; Zachhuber et al., 2011a). For 

planetary science applications, larger measurement ranges increase the effective exploring 

area of a planetary rover, saving mission time and increasing the number of accessible targets 

(Abedin et al., 2015; Angel et al., 2012). A remote Raman system with a range in the order of 

hundreds of meters could also be developed (Angel et al., 2012; Measures, 1992) and can 

help best determine an optimal sampling sites in future asteroid sample return missions such 

as NASA’s OSIRIX-Rex (Nakamura-Messenger et al., 2014) or discriminate between ices 

and different sulfates in Europa from a low orbit (Carlson et al., 2009). The University of 

Hawai‘i (UH) has developed multiple remote Raman systems. A similar system used for this 

study can perform measurements of organic and inorganic chemicals such as benzene or 

calcite at 120 meters range (Misra et al., 2012) with a single laser pulse excitation. Pettersson 

et al. (2010) measured ammonium nitrate from a distance of 450 m during daylight and heavy 

rain, Chen et al. (2007b) measured benzene from 217 m meters with a single laser pulse, 
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Aggarwal et al. (2010) recorded the spectrum of sulfur with a continuous laser at nighttime 

up to a distance of 1500 m, and Hokr et al. (2014) measured ammonium nitrate with a single 

pulse from 400 m distance inducing stimulated Raman with the excitation laser at 8.5 m from 

the sample. This study reports the ability of our remote Raman system to perform good 

quality fast measurements at 430 m range, during broad daylight in Hawai‘i, of materials of 

interest to planetary exploration, both strong scatters such as sulfur and weak scatters such as 

water, in the realistic context that both the exciting source and the detector are part of the 

same measurement system. UH is collaborating with LANL and French partners IRAP and 

CNES under the Mars 2020 mission in which the SuperCam instrument will perform remote 

Raman analysis of Mars rocks, along with LIBS and time-resolved fluorescence (Wiens et al., 

2016).  

 

5.3 Experimental setup:  

 

Figure 5.1: The 8 inch remote Raman+LIBS+Fluorescence System and the pan-&-

tilt mount during the experiment. The system is mounted on a reinforced utility 

cart to improve aiming stability at large distances. The sample is located 430 m 

away, to the left of this image. 
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Figure 5.1 shows the remote Raman+LIBS+Fluorescence system in the UH Mānoa campus 

aiming at the target samples placed in a balcony at 430 meter range. The photograph shows 

the system with all its components mounted in a reinforced portable trolley during the 

measurements taken in this chapter. Figure 5.2 shows the system aiming at the target samples 

placed in a balcony 430 m away, with an inset showing a zoomed in image of the balcony 

with the laser hitting on the sample. Figure 5.3 shows a diagram depicting the layout of the 

main components of the system as well as the main optical paths. The system is gated with 

coaxial geometry, with the expanded laser beam brought to the optical axis of the detector by 

means of two elliptical turning mirrors. The optical collector is an 8-inch (203.2 mm) 

diameter telescope (Meade LX-200R Advanced Ritchey- Chretien, f/10). The sample is 

excited with a frequency- doubled Q-switched Nd:YAG pulsed laser source (Quantel Laser, 

ultra model, 532 nm, 100 mJ/pulse, 15 Hz, pulse width 10 ns). The spectra are recorded with 

a Kaiser Optical Systems f/1.8 HoloSpec spectrometer fitted with a 1024x256 pixels 

intensified CCD (ICCD) camera (PI-IMAX, Princeton Instrument, Trenton, NJ). The 

telescope is directly coupled to the spectrometer through a camera lens (50 mm, f/1.8) which 

focuses the Raman signal into the 50 μm entrance slit of the spectrometer. A 532-nm 

Figure 5.2: The system looking towards the sample in the distance. The inset shows a 
close up of the sample location 430 m from the system. The laser spot is visible in the 
image, the sample is not visible with the naked eye or a point and shut digital camera. 
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SuperNotch filter (Kaiser Optical Systems) is used to remove the reflected and Rayleigh 

scattered laser light. Both the excitation and collection parts of the system are mounted on a 

pan-&-tilt scanner (QuickSet, Northbrook, IL) allowing to accurately aiming the system at 

large distances. This setup enforces that the coaxial optical alignment  

remains when moving the system, and through operational and wind vibrations and 

oscillations. The laser diameter is adjusted on the sample through a 10x beam expander 

mounted in front of the laser. This is used to obtain a parallel beam and a round laser spot of 

about 10 cm in diameter at 430 meter. With a large laser spot and large laser output power 

(100 mJ/pulse) it is possible to excite larger sample volume without photo-damaging or 

heating the sample, thus exciting more molecules and generating more Raman signal.  Liquid 

samples were placed in large vials and powdered samples were placed inside 6 inch diameter 

petri dishes. For laser safety, each sample was placed in a wooden box with one side open, 

facing the system. The system was aimed by roughly pointing the trolley towards the sample 

and then using the pan-&-tilt scanner and a custom sight on the side of the optical tube to 

bring the laser onto the sample. The laser spot position oscillated around 5 cm from its center 

Figure 5.3: Schematic diagram of the directly coupled pulsed remote Raman 
system in coaxial geometry using an 8-inch telescope, an Nd-YAG laser, a gated 
ICCD detector, transmission spectrograph, and a 10X beam expander to produce 
a circular beam at the target.  
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position throughout the experiment run, mainly because of wind induced vibrations. The 

laser-collection optics were fine-adjusted by optimizing the measured fluorescence signal 

from tree leafs located beyond the sample; these are visible above the sample location (Fig. 

5.2), at more than 1600 m range. The timing was set up by connecting the trigger signal from 

the laser q-switch to the input sync port of the ICCD. The timing has an accuracy of about 10 

ns, which allows the system to take a reference time 0 when the laser is fired, introduce a 

delay in the ICCD camera response, and take a measurement when the inelastically scattered 

Raman photons arrive to the camera (Misra et al., 2011). By varying the delay and the 

measurement gate, it is possible to measure different volumes of atmospheric gas at different 

distances in front of the sample, as well as measuring only the sample. For the sample 

measurements in this chapter I used 25 mJ per pulse at laser power at 15 Hz repetition rate 

with 2900 ns delay and 50 ns measurement gate width. After correcting for electronic delay 

and delay incurred before the laser beam leaves the system, the sample distance was 

calculated using the delay and the speed of light to be 430 m. This distance was confirmed by 

using the measurement tool of Google maps (Google Maps, 2015). The spectrometer uses a 

holographic volume-phase transmission grating that allows to measure between 50 and 4200 

cm-1 with a spectral resolution of 8 cm-1. The transmission grating splits the spectral range 

into two traces that that spread horizontally into two traces at different heights on the sample. 

The data from the ICCD were acquired using the software package WinSpec 32-bit Windows 

Princeton Instruments from Roper Scientific. Every spectrum was generated and wavelength 

calibrated using the custom Matlab software UH Raman-LIBS v1.61. The wavelength 

calibration was performed using the Raman peaks of calcium carbonate, cyclohexane, 

acetonitrile, calcium sulfate dehydrate and atmospheric nitrogen as a reference. Spectral plots 

were created with the GRAMS/AI 8.0 software package from Galactic Industries. Spectra are 

shown as measured, with no baseline or cosmic ray correction, intensity calibration or 

stitching procedures. 

 

5.4 Samples 

The rock and rock-forming mineral samples, quartz, gypsum and anhydrite, were from 

Ward’s Natural Science Establishment, Inc., Rochester, NY, and were measured without any 

sample preparation. The organic liquids cyclohexane, acetone, acetonitrile, methanol, 

benzene were ACS grade purchased from Fisher Scientific. Potassium nitrate (KNO3), 

ammonium nitrate (NH4NO3), potassium chlorate (KClO3), sulfur, and urea were purchased 
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from Fisher Scientific; and potassium perchlorate (KClO4) was purchased from Alfa Aesar. 

The water (H2O) was regular tap water from Honolulu, Hawai‘i. The ice was made from 

regular tap water and dry ice was purchased as cooling pellets from the chemistry supplier in 

the UH Mānoa campus. 

 

5.5 Results and Discussion:  

This chapeter shows the successfull measurement of acetone, benzene, cyclohexane, 

dry ice, gypsum, potassium chlorate, potassium perchlorate, potassium nitrate, ammonium 

nitrate, marble rock, methanol, quartz, sulfur, urea, water and water ice, acetonitrile, 

anhydrite, and magnesium sulfate (Epsom salt) at a range of 430 m with integration times of 

10 s or less. Tree leaf fluorescence was measured in a nearby mountain, as far as 1600 m 

away. All the measurements were taken outdoors on broad daylight. Figures 5.4 and 5.5 show 

time series measurements of powdered ammonium nitrate and sulfur respectively, located at 

430 m. In a pulsed Raman system the detector needs to be timed to the arrival of the Raman 

and Rayleigh signals from the sample. The measured target distance stems from the time the 

 

 
Figure 5.4: Time series measurements of ammonium nitrate (NH4NO3) at 430 m. 
The Y axis shows the detected intensity in counts while the X axis shows the 
Raman shift in cm-1. The Z axis shows the delay time in nanoseconds, along with 
the sample distance corresponding to each indicated delay. Each spectrum was 
taken at 100 ns intervals, with 100 ns exposure time added over 15 laser pulses with 
100 mJ/pulse laser power. 
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laser photons, travelling at the speed of light, take in going to the sample and back to the 

system. Time zero is the time at which the laser pulse leaves the system, and the delay time 

indicates the time at which the camera starts collecting the signal. The expected arrival time 

is simply determined by sample distance and speed of light. At shorter distances the system 

looks at and measures the atmospheric gases between the system and the sample, the oxygen 

and nitrogen symmetrical stretching vibrations are visible at 1555 and 2331 cm-1. Their 

intensity decreases as the distance increases, as expected, as the irradiance of the scattered 

signal is proportional to the inverse of the square of the target distance. The Raman signal 

from the sample arrived with a delay of 2900 ns, indicating a sample distance of 430 m.   

 
No signal is detected after the sample since the mineral target stops the laser from travelling 

further. Fig. 5.4 shows clear detection of ammonium nitrate with fingerprint Raman bands in 

low as well as high frequency region. In Fig. 5.5, Raman bands of sulfur are easily detected. 

In Figure 5.4, the signal from the atmospheric gases appears larger than in the time series in 

Figure 5.5. This is because the ammonium nitrate Raman signal is about 5 times weaker than 

that of the sulfur, and the data for ammonium nitrate is accumulated over 10 s integration 

time in comparison to the 1 s integration time for the sulfur target. Sulfur has a very large 

Raman cross section (Aggarwal et al., 2010), larger than both atmospheric oxygen, nitrogen 

Figure 5.5:Time series measurements of sulfur at 430 m. Each spectrum was 
taken at 100 ns intervals, with 100 ns exposure time added over 15 laser pulses 
with 100 mJ/pulse laser power. 
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or 

ammonium nitrate. Three of the eleven fundamental modes of the cyclic crown-shaped S8 

molecules give three intense Raman peaks at 153, 219 and 473 cm-1, which are clearly visible 

in Fig. 5.5 (Misra et al., 2012). These peaks originate from the doubly degenerate bending 

(ν8), symmetric bending (ν2), and symmetric stretching (ν1) vibrational modes of the cyclic 

molecule (Harvey and Butler, 1986; Pasteris et al., 2001).  

Figure 5.6 shows the remote Raman spectra of dry ice (solid CO2) and water ice (solid 

H2O) with 10 seconds acquisition time. Dry ice and water ice are commonplace in the Solar 

System. Both spectra are very distinct. Carbon dioxide spectrum shows its characteristic 

doublet at 1284 and 1392 cm-1 (Cahill and Leroi, 1969). The ν1 totally symmetric stretching 

vibration of CO2 at 1305 cm-1 is Raman active and is in Fermi resonance with the 2 ν1 

overtone of the I.R. active bending mode of the linear carbon dioxide molecule at 667 cm-1. 

Therefore, the spectrum of dry ice shows two strong Raman lines. The water ice spectrum 

shows the symmetric and antissymetric stretch vibrational modes of the H-O-H bond of the 

water molecule between 3100-3600 cm-1. The ice spectrum is can be distinguished from the 

water spectrum by the sharper solid water peak at ~3100 cm-1. The sharper peak is due to 

increased ordering in the solid phase. The band also experiments a downward shift due to the 

 

Figure 5.6: Remote Raman spectra of CO2 ice (dry ice) and water ice with 10 s 
acquisition time at 430 meter range. Each spectrum was acquired over 150 laser 
pulses with 100 mJ/pulse laser power. Two consecutive spectra are shown as 
measured for each sample to demonstrate repeatability. 
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strengthening of the O-H bond and its position depends on temperature and can help in 

determining the temperature of the measured water ice (Furić and Volovšek, 2010).  

Figure 5.7 shows the remote Raman spectra of gypsum (CaSO4·2H2O) and epsum salt 

(MgSO4·7H2O) with 10 seconds integration time, equivalent to 150 laser pulses. Gypsum and 

Epsom salt are both hydrated sulfates and therefore show similar Raman peaks corresponding 

to the symmetric stretching vibrations υ1 in the sulfate ions SO4 at 1008 and 984 cm-1 

respectively (Wang et al., 2006). The slight difference in peak positions and the sharp 

contrast in the O-H stretching region (~3400 cm-1) are enough to differentiate between both 

minerals at 430 meters. This capability could help identifying different sulfates on the surface 

of Jupiter's satellite Europa (McKinnon and Zolensky, 2003) or to confirm the chemical 

compound of Homestake in Mars, believed to be mostly gypsum based on Alpha Particle X-

Ray Spectrometer and Pancam instrument measurements onboard the Opportunity rover 

(Squyres et al., 2012).  

Figure 5.8 shows the remote Raman spectra of ammonium nitrate (NH4NO3), 

potassium nitrate (KNO3), with 10 second integration time, equivalent to 150 laser pulses. In 

the potassium nitrate spectrum, the 1052 cm-1 peak corresponds to the symmetric stretching 

vibrations υ1 in the nitrate ions NO3 -. The 1349 cm-1 peak corresponds to the υ3 mode. The 

NH4NO3 and KNO3 molecules both contain NO3 - ions, and the 1044, 1288, and 1655 cm-1 

 

Figure 5.7 Remote Raman spectra of CaSO4·2H2O (Gypsum) and MgSO4·7H2O 
(Epsom) at 430 m range. Same experimental conditions as in fig. 5.6. Two 
consecutive spectra are shown for each sample to demonstrate the reproducibility 
of the system. 
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Raman vibrational modes of NH4NO3 are analogous to the 1052, 1349, and 1664 cm-1 peaks 

in KNO3 (Kettle, 1982). In the ammonium nitrate, the multiple peaks between 1400 and 1500 

cm-1 are the result of vibrational coupling between some ammonium ion deformation and 

nitrate stretching (Kettle, 1982), and are distinct from the signature peaks of potassium nitrate 

in the same spectral area. The signal in the N-H stretching region between 3000-3300 cm-1is 

characteristic f the ammonium ion in the ammonium nitrate and is also in stark difference 

with the potassium nitrate The sharper band appearing at 3015 cm-1 is due to C-H stretching 

vibrations of the polystyrene petridish, also detectable at this distance. All the powdered 

solids contained in petridishes showed this signals throughout the experiment run.  

Figure 5.9 shows the Raman spectrum of potassium chlorate (KClO3) and potassium 

perchlorate (KClO4) with 10 second integration time, equivalent to 150 laser pulses at 15 Hz 

repetition rate. Potassium chlorate and potassium perchlorate show distinct Raman peaks that 

allow unequivocal chemical identification at 430 meter range in as low as 1 second 

integration time. The potassium chlorate shows its fingerprint peak at 930 cm-1 very clearly, 

while the potassium perchlorate appears at 942 cm-1, both bands due to symmetric stretching 

vibrations υ1 in the chlorate or perchlorate ions respectively. Besides different Raman shifts, 

the shoulder of the main peak in the potassium perchlorate spectrum at 924 cm-1 is 

characteristic from the perchlorate. It arises from the first overtone of the symmetric bending  

 

Figure 5.8 Remote Raman spectra of NH4NO3 and KNO3 at 430 m range. Same 

experimental conditions as in fig. 5.6. 
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vibration of the ClO4 ion, enhanced by Fermi resonance (Bini et al., 1990). The other other 

Raman peaks of the ClO4
- ion are found at 629 cm-1arising from the antisymmetric bending 

(υ4) mode, and 1087 and 1125 cm-1, arising from antisymmetric stretching (υ3) vibrational 

modes (Lutz et al., 1983; Toupry et al., 1983). In the chlorate, the two additional bands 

appear at 489 and 619 cm-1 corresponding to the υ3 and υ4 vibrational modes of the ClO3
- 

ions (Ramdas, 1953; Robinson, 1963; Sprowles and Plane, 1975). Figure 5.10 shows the 

distinct Raman spectra of ammonium nitrate, potassium nitrate, potassium chlorate and urea 

acquired with fast 1 s integration time, equivalent to 15 laser pulses. The plot demonstrates 

that these chemicals, as well as water and CO2 ices, sulfur and the sulfates, can be univocally 

identified at 430 meters distance with 1 s measurement. The urea peaks are found at 1002 cm-

1 as well as at 1160 cm-1. These two peaks correspond to the two NH2 rocking vibrations in 

the planar NH2-CO-NH2 urea molecule. The peak at 1468 cm−1 corresponds to the anti-

symmetric NCN stretching mode and the peak at 1540 cm-1 to a NH2 bending mode. The 

 

Figure 5.9: Remote Raman spectra of KClO3, and KClO4 at 430 m 
range with 1 s detection time. The KClO4 spectra have been scaled 5 
fold for clarity. Same experimental conditions as in fig 5.6.  
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1578 

and 1647 cm−1 urea peaks are also visible and correspond to stretching modes of the free and 

hydrogen bonded C-O group (Frost et al., 2000).  

Figure 5.11 shows the remote Raman spectra of the organic liquids cyclohexane, 

benzene and methanol. The three liquids are easily measured and differentiated by the 

differences in their chemistries and molecular symmetries. The C-H stretching region of 

cyclohexane shows prominent lines at 2854 cm-1, corresponding to CH2 symmetrical stretch 

vibrations, and two bands 2924 and 2940 cm-1 corresponding to CH2 antisymmetric stretch 

vibrations enhanced by Fermi resonance with the 1st overtone of the CH2 scissors vibration 

found at 1462 cm-1 (as a shoulder of the more intense 1444 cm-1). The benzene spectrum is 

dominated by the strong line at 993 cm-1 due to C-H ring stretching vibrations and the peak in 

the spectral area between 2990 and 3150 cm-1, arising from C-H stretch vibrations. The 

Raman spectrum of methanol is shows the C-O stretch line at 1033 cm-1 and the broad C-H 

symmetrical and antisymmetrical stretch Raman signals in the C-H stretching region 

(Mammone et al., 1980; McCreery, 2002; Shimanouchi, 1972). The measured benzene 

spectrum has an unusual weak line at 1978 cm-1. This line showed to change its intensity 

 
Figure 5.10: Remote Raman spectra of NH4NO3, KNO3, KClO3, and 
urea at 430 m range with fast 1 s detection time (15 pulses) and 100 
mJ/pulse laser power. Two consecutive spectra are shown for each 
sample to demonstrate repeatability.  
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proportionally to the intensity of the main C-H ring stretching line at 993 cm-1, suggesting 

that it is the first overtone of the C-H ring stretching vibration. This peak and a more intense 

benzene spectrum is probably observed because of stimulated Raman emission because self 

focusing of the laser inside the cylindrical bottle filled with benzene. Being able to induce 

and measure stimulated Raman from a distance can aid in improving signal to noise ratio and 

increase measurement ranges (Hokr et al., 2014). 

 

5.6 Conclusions 

This work demonstrates the capability of a medium-size portable remote Raman 

system to detect various chemicals and minerals from a distance of 430 m in the afternoon 

with sunlight shining on the samples. Good quality Raman spectra of water ice, dry ice, 

sulfur, gypsum, Epsum, potassium nitrate, ammonium nitrate, potassium chlorate, potassium 

perchlorate, urea, benzene, cyclohexane, and methanol were obtained with short integration 

times (≤10 s) using an 8” telescope as collection optics. Materials with strong Raman cross-

section could be detected with just 1 s integration time.  The capability to analyze and detect 

water or water bearing minerals, minerals and organic materials is of special interest for 

planetary science, as they can indicate habitability or provide information about the 

geological context of the sample. Remote Raman spectra at this distance provided 

unambiguous detection of compounds important for planetary science, such as water and 

 
Figure 5.11: Remote Raman spectra of cyclohexane, benzene and methanol at 430 
m range. Same experimental conditions as in fig 5.6. 
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water ice, dry ice, sulfur, sulfates, and various minerals and organics. This research work 

demonstrates significant improvement of the remote Raman technique as well as its 

suitability for Solar System exploration. 
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CHAPTER 6: CONCLUSIONS   
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6.1 Raman spectroscopy for planetary science 

Raman spectroscopy is a powerful tool that can be used to determine the chemical 

composition and structure of a variety of samples. Raman spectra arise from the quantified 

vibrational energy of molecules, which in turn depend on vibrational modes, and these are 

unique to each molecule (Ferraro et al., 2003). Thus, Raman spectroscopy can provide 

accurate and unequivocal identification of the minerals, glasses, liquids, gasses, and organic 

materials one might expect to encounter during planetary exploration (Wang et al., 1995). 

Furthermore, Raman spectra provide information on molecule and crystal structures and can 

be used to discriminate polymorphs or small structural variations of the same chemical 

(Acosta-Maeda et al., 2013). Not surprisingly, new minerals have been characterized using a 

Raman spectrum as one of the first proofs (Gillet et al., 2000). Moreover, Raman 

spectroscopy can often be performed without sample preparation and without inducing 

sample damage. These advantages of Raman spectroscopy make the technique a good 

candidate to analyze the materials within reach of a planetary rover, providing more accurate 

information than a simpler alpha particle X-ray spectrometer and with a broader scope than a 

Mössbauer spectrometer. With that in mind, the European Space Agency included the Laser 

Raman Spectrometer in its Exomars 2018 mission, a micro-Raman system with a 532 nm Nd-

YAG laser that will measure ground drill cores of Martian samples (Rull Perez and Maurice, 

2016). However, Raman spectra are not simple to measure, and often low signal or 

fluorescence interference hinders the measurement. Therefore it is fundamental to develop 

techniques and apply technological advances to make Raman spectroscopy more versatile. 

Once a measurement is taken, its interpretation requires the use of the accumulated Raman 

database available in the literature since the 1920s. This dissertation aims, in part, to add 

knowledge to the database in the field of planetary science and to develop and apply 

measurement techniques that could be used with great advantage by Raman users and 

scientists. 

Remote Raman sensing is the idea behind remote Raman spectroscopy. This 

technique can also be installed in a planetary exploration rover, increasing its measurement 

range and allowing to measure points of difficult access (Angel et al., 2012). NASA 

acknowledged this by including remote Raman capabilities to the Supercam instrument in the 

Mars 2020 mission, in combination with laser induced breakdown spectroscopy (Wiens and 

Maurice, 2016). This dissertation also aims to provide a baseline for what can be expected 

from measured samples of interest related to planetary science, such as geologic materials, 
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organic compounds or water. Finally, this dissertation also aims to develop better more 

suitable remote systems: sensitive and with longer measurement range; and more compact 

and with lower power consumption; with the intention of making space worthy 

instrumentation. 

Using the Raman equipment at the Hawai‘i Institute of Geophysics and Planetology I 

performed a comprehensive Raman study of a highly shocked meteorite sample. Most of the 

shocked meteorites belong to the ordinary chondrite type, but also to other meteorite families, 

including Martian meteorites. The study of these meteorites is fundamental to understand 

impact processes in the Solar System, of paramount importance since impacts on Earth have, 

and are bound to happen with catastrophic consequences. Furthermore, the understanding of 

the mineral phases and relationships in the shocked silicates translates into better 

understanding the high pressure phases present in the Earth's mantle, whose properties can 

help constraining Earths layering or its bulk composition. Raman spectra using different 

excitation wavelengths and Raman mapping allowed identification of mineral phases such as 

olivine, wadsleyite, ringwoodite, high-Ca clinopyroxene, majorite-pyrope, jadeite, 

maskelynite, and lingunite in a heavily shocked L6 chondrite, as well as establishing phase 

relationships between the different high pressure polymorphs at the induced ~18.5 GPa 

~1875 K forming conditions. I found evidence of chemical fractionation during a solid-state 

olivine-ringwoodite transformation. I also observed resonance Raman effects on the spectra 

of different colored ringwoodite, and the Raman mapping showed a clear relationship 

between a Raman peak and the optical properties of the ringwoodite. This work suggest that 

ringwoodite can exist in the known pure spinel structure, or in the spinel structure with some 

of the atoms in the marginally inverse structure, with a small amount of iron in fourfold 

coordination inside the spinel structure. During this part of the research I found Raman 

mapping in combination with the use of different excitation laser wavelengths instrumental in 

obtaining the results and final interpretation. Also, the data provided should help in 

characterizations, should an in-situ measurement in a Solar System’s planetary body or a 

researcher in a laboratory encounter similar spectra. 

In the field of remote Raman, three differen three different studies were conducted: 

one aimed to provide physical Raman constants (cross sections) useful to planetary 

exploration; another to demonstrate the ability of a compact system to detect and characterize 

organic materials; and a last one to test and demonstrate the possibility of performing Raman 

measurements at a large range of 430 m. The last study could be considered part of an 
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international research race to increase measurement ranges. Although some other authors 

have performed measurements at larger distances (Aggarwal et al., 2010), to my knowledge, 

the long range results presented in this dissertation are the highest quality spectra taken from 

a diverse set of samples in realistic conditions, outdoors and in broad daylight. Throughout 

the developing and testing of systems and techniques, focused was on the capability to 

analyze and detect water or water bearing minerals, minerals and organic materials of special 

interest for planetary science. These can indicate habitability or provide information about the 

geological context of the measured samples. 

Chapter 3 provided a detailed description of the methods used to determine the Raman 

cross sections of different ions of interest to planetary science as observed with 532 nm laser 

excitation remote Raman systems, the same wavelength the upcoming Mars missions are 

going to use.  The cross section is a constant for each compound that describes its intrinsic 

ability to generate Raman signal (McCreery, 2000). Also shown is the calculated cross 

sections and observed Raman spectra of a variety of organic and inorganic compounds, such 

as sulfate, alcohols or water. As an example, this dissertation quantitatively described that ne 

can expect to more easily obtain carbohydrate spectra, than sulfate, carbonate or borate, in 

that order. One can expect that the obtained data will provide an accurate baseline for the 

detection capabilities of the upcoming and future planetary Raman systems, as well as serve 

as a tool for the interpretation of the measured spectra. The results presented in Chapter 4 

were obtained with a compact remote Raman system, which includes a spectrometer 1/32 the 

volume of commercial versions with the same sensitivity and range, and a miniaturized low 

voltage intensified CCD camera. Within the limitations of laser power and limited collection 

optics diameter, I demonstrated that most amino acids and nucleobases can be detected from 

a distance of 8 m using a portable, compact remote-Raman instrument. The system is well 

suited for planetary exploration applications, with no requirement for sample preparation or 

collection, and rapid measurement times. It can be expected such a system to perform better 

that the Raman systems currently scheduled to fly (Gasda et al., 2015), and as such the 

current design can be used as a stepping-stone for the design of future planetary missions’ 

Raman instruments, as well as a baseline for their detecting capabilities. The same can be 

said about the results shown in Chapter 5. There it was demonstrated the capability of a 

medium size portable remote Raman system to detect various chemicals and minerals from a 

distance of 430 m under broad daylight. This work demonstrated that good quality Raman 

spectra of water ice, dry ice, sulfur, gypsum, Epsum, potassium nitrate, ammonium nitrate, 
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potassium chlorate, potassium perchlorate, urea, benzene, cyclohexane, and methanol can be 

obtained with short integration times (≤10 s) using an 8” telescope for collection optics. 

Materials with strong Raman cross-section, such as sulfur, chlorates and nitrates, could be 

detected with just 1 s integration time.  Remote Raman spectra at this distance provided 

unambiguous detection of compounds important for planetary science, such as water and 

water ice, dry ice, sulfur, sulfates, and various minerals and organics. The research work 

presented in Chapter 5 demonstrates significant improvement of the remote Raman technique 

as well as its suitability for Solar System exploration. 

In summary, I can strongly conclude that the advantages of Raman spectroscopy make 

the technique a good candidate to analyze the materials within reach of a planetary Rover. 

For example, Raman capability could help identifying different sulfates on the surface of 

Jupiter's satellite Europa (McKinnon and Zolensky, 2003) or fast and unequivocally 

confirming the chemical compositions of samples such as Homestake in Mars (Squyres et al., 

2012), believed to be gypsum formed in an aqueous environment. Remote Raman is a 

technique in development. However, recent advancements have made it suitable to increase a 

rover’s sampling range, and will yield useful results in upcoming and future planetary 

missions, especially in integrated combination with other techniques, such as laser induced 

breakdown spectroscopy or time-resolved fluorescence. The work presented will help with 

the interpretation of measurements taken with current systems and will aid in the 

development in future more powerful systems. This work also sends a strong reminder that 

micro-Raman technique can be used for a lot more that mineral identification, in this case 

describing in detail the petrology of the high pressure mineral phases in a highly shocked 

meteorite, and explaining the structural origin of an observed (and identified as such) Raman 

resonance.  

It is important not to forget that Raman spectroscopy, and thus the developments 

presented in this dissertation, can be extremely useful in a variety of other fields. The results 

and ideas regarding remote Raman translate well to the fields of explosive detection or 

monitoring of toxic residues from safe distances (Misra et al., 2012). Micro-Raman continues 

to be a strong technique in fields as unalike as medicine (Kamemoto et al., 2010) or civil 

engineering (Potgieter-Vermaak et al., 2006). 
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6.1 Future Work 

Despite the information, examples, data and ideas given in this dissertation, Raman 

spectroscopy has yet to be performed outside Earth. I expect future measurements to be 

challenging and full of discoveries. 

In the future, I will keep up with new technological developments in the fields of 

optics, laser optics and fast high sensitivity light detectors, in order to best apply the new 

devices to the goal of developing faster, more sensitive, longer reaching, more compact and  

lower power consuming remote Raman systems. I can focus in different areas of the process, 

from optics design to data interpretation. Collaboration with industry and other researchers 

needs to continue to develop photonics tailored to the planetary Raman application. Every 

new design needs to be tested in order to best define which direction to follow. To help with 

future data interpretation, one can design experiments to quantify the thumb rule of 1% 

detection limit of Raman spectroscopy for a variety of materials of planetary interest (e.g., 

detection limit of magnesium sulfate in water or CO2 ice). Most notably, Chapter 3 shows 

Raman cross sections of ions in solution. The dissertation shows that one can attempt the 

design and perform an experiment to determine the more realistic solid cross sections of the 

same ions, when applicable. Extrapolation of the results reported in Chapter 5 suggests the 

possibility of performing Raman measurements at ~2 km. One can further test such system 

capabilities and improve aiming and aligning by designing experiments that exceed the 

dimensions of our research facilities. I am currently working in a concept that uses remote 

operated vehicles or unmanned aerials devices to bring small optics close to the measured 

sample while keeping the bulk of the system (collector, spectrometer, and detector) at a 

distance. This concept could also be used for planetary exploration; to increase the sampling 

range of a rover. 

Regarding Chapter 2, the possibilities are endless in meteoritics. For the sample 

studied here, I observed a gradual change of mineralogy along the thickness of the studied 

melt vein. One could use Raman spectroscopy to try to determine the formation conditions of 

the varying assemblage as a function of pressure and temperature. Such study might shed 

light on the formation conditions of lingunite or the ordered-disordered ringwoodite. Some 

X-ray diffraction data on the same sample suggest that pure spinel white ringwoodite is 

composed of large crystals, while marginally inverse spinel blue ringwoodite is 

polycrystalline. Confirmation of the observations in other samples is pending and I hope to 

build a hypothesis that marries all the observations, and plan then to test such a hypothesis on 
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the same or different samples. In addition to continuing this study, in the future it will be 

possible to develop advanced micro-Raman systems using low-power pulsed lasers and gated 

detectors, similar to remote Raman systems, to minimize background signals from room light 

and mineral phosphorescence. These systems could also perform micro-LIBS on the material 

to confirm elemental composition. The advanced micro-Raman systems would not require 

dark rooms or expensive optical tables, making it feasible to have Raman systems in most 

laboratories for Earth and planetary materials characterization. 
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APPENDIX 1. Sample from Chapter 2.  
The meteorite used for the study of Chapter 2 of this dissertation work is the Taiban 

(b), L6-S6 ordinary chondrite. It was found in De Baca County, New Mexico in 1975 (Taiban 

(b) of Lange D. E.,  et al. 1980, Catalog of the meteorite collection of the Institute of 

Meteoritics at the University of New Mexico. Special Publication 21, UNM Institute of 

Meteoritics.). Thin slides of the same meteorite were used in the work of Stöffler et al. 

(1991). This is was not the Taiban (b) LL6 ordinary chondrite found in the same area in 1984 

(Jeffrey N. Grossman, Meteoritical Bulletin 84, 2000), nor the Taiban meteorite found in 

1934 (Grady, M. M. (2001) Catalogue of Meteorites, 5th Ed. Natural History Museum 

(London, England) Cambridge University Press). A new name must be assigned to the 

Taiban (b) meteorite used in this study in order to avoid confusion. 
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