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Summary and conclusions
This thesis focuses on the optimization and application of Raman spectroscopic 
modes for the detection of life signatures in the context of planetary science. The aims 
of the project were to assess the suitability of various Raman modes for characterizing 
extremophile lifeforms and to define the optimum instrumental parameters for 
detecting biomarkers of (past) life for future planetary missions.

The expected challenge is the detection of a low concentration of possibly degraded 
unknown organic material embedded in variable mineral matrices on Mars, if there is 
organic material at all. So, all the available technology is needed to make any detection 
possible. The assumption is made of Earth-like life forms, and thus organic material is 
used to test and optimize the different Raman spectroscopic modes. An unexpected 
challenge is described in chapter 5: photodegradation at resonant conditions (and 
self-absorption but that will only interfere at high concentrations). Resonance Raman 
scattering is a very useful approach that can be used to obtain low detection levels and 
high selectivity for the concerned chromophore, but it promotes photodegradation of 
this compound. In addition to the analytical difficulties, the Raman-equipped rover 
will be facing the physical conditions on Mars and it should survive the conditions 
during the launch and landing. The Raman equipment should be very sensitive for 
detection of organic material but tough enough to survive the trip and environmental 
conditions.

The Raman instrumentation used for this research is neither portable, nor rugged. It 
consisted of large and heavy tuneable laser setups on optical tables, like a Ti-sapphire 
laser and an optical parametric oscillator, both with high power consumption. These 
approaches do not have to be disregarded, however, as ongoing technical development 
is continuously leading to major reductions in instrumental size, weight and power 
consumption suggesting that in the near future such equipment will become viable 
for planetary missions.

Raman spectroscopy (RS) is based on the inelastic scattering of light (photons) on 
matter which happens at low efficiency. Energy between a photon and a molecular 
bond is transferred in only 1 out of every 10-100 million photons. Every molecule has 
tens or even hundreds of different vibrations and the combination of these vibrations 
is characteristic for every compound (molecular fingerprint). This makes RS a powerful 
tool to identify components based on their unique Raman spectrum. An overview of 
the basics of RS is given in chapter 1, and instrumental details, in particular approaches 
that could lead to additional selectivity for such a challenging mission, are discussed 
in chapter 2.

The possibilities for measuring through minerals utilizing time resolved Raman 
spectroscopy (TRRS) with a 250-ps gated intensified charge-coupled device (ICCD) 



detector are explored in chapter 3. Different configurations of transparent and 
translucent mineral sample layers were used to compare TRRS with spatially offset 
Raman spectroscopy (SORS) and conventional confocal Raman microscopy. The 
importance of being able to measure through transparent and translucent minerals 
is related to the fact that minerals could host trapped microorganisms. The organisms 
can be trapped accidentally by evaporation of water (sulphates and halides) or 
deliberately by biotransformation of a mineral (calcite) by the organism itself. TRRS 
and SORS measurements were performed at an excitation wavelength of 720 nm in 
a backscatter configuration. A better distinction between different mineral layers (in 
terms of Raman peak ratios) could be made when using TRRS, although the signal-to-
noise ratio of the TRRS measurements is worse than that of the SORS measurements 
with continuous wave (CW) excitation. Second layer minerals could be detected 
through up to 10 mm of translucent calcite or 40 mm of transparent halite. To further 
evaluate the TRRS method a 3-layered sample consisted of pyrope garnet, gypsum and 
calcite was used and distinct Raman peaks showed up after a relative delay of 0, 50 and 
175 ps respectively.

Measurements at excitation wavelengths of 532 and 785 nm were performed with 
a confocal Raman microscope. A SORS-like effect was observed by focusing and 
defocusing on the sample surface of a multi-layered mineral sample. In case of a 
homogeneously mixed sample of two minerals all Raman peak intensities will decrease 
with the same ratio while defocusing. Raman peak ratios of a heterogeneous sample 
will decrease with a different ratio for the different minerals depending on their position 
in the sample. The collection efficiency for the surface layer is at an optimum when the 
microscope is focused at its surface and Raman signals from both layers are detected. 
When defocusing the microscope the intensity of Raman signals from the surface layer 
are relatively much more affected than the intensity of second layer Raman signals. 
Sub-layer Raman signals were observed through cm-sized transparent and mm-sized 
translucent surface layers. In addition, the fluorescence background derived from 
calcite when it was the surface layer was also reduced due to defocusing. We showed 
that a confocal Raman microscope could be used to obtain structural information 
from the sample (heterogeneous versus homogeneous). We further established its 
relevance for planetary research, although the potential of the technique had already 
been suggested by Eliasson in 2007[116].

Chapter 4 elaborates on this research; measurements were repeated with the same 
instrumentation to test the viability of the technique for combinations of mineral 
and organic material. In addition, it discusses potential RS applications for planetary 
sciences to the non-Raman expert. UV/VIS diffuse reflectance spectroscopy (DRS) is 
a technique to measure the reflectance of light from solid material. This technique 
was used to study the microorganism Deinococcus radiodurans (D. radiodurans) and 
the biomarker model compound β-carotene in different mineral matrices in order 
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to select an appropriate excitation wavelength for our future studies. Differences in 
grain size and optical transparency cause large differences in absorption between the 
different mineral samples. The further the light penetrates into the sample, the more 
likely it will be absorbed by the β-carotene. Raman measurements of D. radiodurans 
in a mixture of 1 mg cells per gram calcite were obtained with a confocal Raman 
microscope at an excitation wavelength of 532 nm to further evaluate the method 
used for the β-carotene-mineral mixtures. The carotenoid peaks from the carotenoids 
in the cell membrane of this microorganism were still clearly visible. The biomarker 
β-carotene was detected under resonance Raman conditions through 2.5 mm of 
translucent calcite and through 40 mm of transparent halite, utilizing a confocal 
Raman microscope at a 532 nm excitation wavelength.

Carotenoids represent a family of more than 600 different compounds. Their spectra 
are sensitive to the electronic environment; absorption spectra can show peak 
broadening and large shifts due to different aggregation states, different surrounding 
matrices and structural differences. One has to keep this characteristic of carotenoids 
in mind when selecting the appropriate excitation wavelength for planetary research 
and may even consider tuneable laser systems to allow flexible excitation conditions. 
Raman measurements at 720 nm excitation of a sample of calcite mixed with a 
suspension of the cyanobacterium Chroococcidiopsis were performed to illustrate the 
difference between gated and non-gated detection on the fluorescent background 
in Raman spectra. The gated detection improves the signal-to-baseline ratio of the 
Raman signals compared to the fluorescence background.

Raman spectra of D. radiodurans, Chroococcidiopsis, β-carotene as pure powder 
and β-carotene dissolved in cyclohexane were recorded to illustrate the spectral 
differences between different carotenoid compounds and different aggregation states 
of β-carotene. In addition, Raman spectra at different excitation wavelengths were 
recorded for all samples to illustrate the influence of the excitation wavelength on 
the spectra. Spectral differences of up to tens of wavenumbers in peak positions were 
observed and suggests that carotenoid identification on the basis of only Raman band 
positions should be performed with caution and a knowledge of the host matrices is 
important.

Two of the competing processes when performing resonance Raman spectroscopy 
(RRS) on carotenoids are self-absorption and photodegradation, and this was further 
studied in chapter 5. To quantify the photodegradation of β-carotene in a calcite 
matrix, different samples containing 10 mg·g-1 β-carotene in calcite were irradiated 
for 30 minutes at different laser wavelengths. UV/VIS DRS was used to determine the 
reflectivity of all samples before and after irradiation of the sample. A laser spot size 
of 17 mm in diameter was used at both resonant (385, 439 and 532 nm) and non-
resonant (785 nm) conditions. Photodegradation involves degradation of β-carotene 



and results in a higher reflectivity of the sample. The shorter the wavelength the more 
photodegradation was observed, despite the differences in laser power. Subsequently, 
consecutive resonance Raman measurements of a sample containing 10 mg·g-1 
β-carotene in calcite showed a decrease in Raman peak intensity of the C=C stretch 
vibration of carotene at 1515 cm-1. Carotenoid molecules lost their Raman resonance 
properties at excitation wavelengths of 440 and 532 nm when the molecule’s 
chromophore was affected by photodegradation. Fewer molecules experienced 
resonance effects, hence peak intensities reduced over time. No photodegradation 
was observed during consecutive Raman measurements using 785 nm excitation.

The second challenge in RRS of carotenoids is self-absorption. A set of calibration 
standards was prepared consisting of β-carotene mixed with calcite. Concentrations 
ranged from 10 mg·g-1 down to 0.1 µg·g-1 in a ten-fold step size. In all cases calcite 
makes up more than 99% of the sample but the 1085 cm-1 Raman peak of calcite was 
not observed with the same intensity for all of the samples and was even absent at 
the higher carotenoid concentrations. In addition, there was no linear relationship 
between the concentration of β-carotene and the intensity of the carotenoid peaks 
in the Raman spectrum. The 1085 cm-1 peak of calcite was used to correct for the self-
absorption. An additional advantage of using an internal standard in this way is the 
possibility to correct for differences in laser power and alignment. The Raman intensity 
of the calcite peak from the sample with the lowest concentration of β-carotene was 
used to correct the Raman spectra of the other samples. Thus for planetary research, 
Raman spectra of the surrounding matrix could be used to check and correct for 
possible self-absorption phenomena. 

The same set of calibration standards was used to determine the carotenoid content in 
D. radiodurans. Raman signals of carotenoids could be detected at concentrations down 
to 1 mg·g-1 of D. radiodurans in calcite. In addition, a 10 mg·g-1 sample was measured 
and although this concentration is relatively high from a planetary exploration point 
of view, it is realistic for fertile soils or aqueous environments on Earth. The Raman 
spectra of carotenoid-type signals of concentrations of 1 mg·g-1 D. radiodurans in 
calcite corresponds with about 5 µg·g-1 β-carotene in calcite. This corresponds with 
0.5% of the cell weight and should be considered as a semi-quantitative estimate at 
best. In addition, one has to keep in mind that different species can bear different types 
of carotenoids (over 600 different carotenoids are known), an identical carotenoid 
molecule may experience a different electronic environment (thus show a different 
UV/VIS absorption spectrum) and individual organisms, even within the same 
strain, may show large variations in carotenoid content when experiencing different 
physiochemical conditions.

The previously described research coalesces in the last section of this thesis: chapter 6, 
detection of microorganisms through mineral layers. This chapter combines the 
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methodology of time resolved Raman measurements through multi-layered minerals 
(chapter 3) with RRS detection of carotenoid bearing microorganisms (chapter 5) 
after optimization of the resonance conditions and while reducing the fluorescence 
contribution of these microorganisms due to a fast 250-ps detector gate (chapter 4).

Trapped microorganisms in minerals illustrate the necessity to develop methods 
for non-destructive detection of these microorganisms via RS. Microorganisms 
D.  radiodurans and Chroococcidiopsis were detected through a layer of 5 mm 
translucent calcite or 20 mm transparent halite by means of TRRS measurements at 
an excitation wavelength of 440 nm. In addition, these microorganisms were detected 
through a combination of 2.5 mm translucent calcite and 5 mm transparent gypsum 
to further test the detection method. The TRRS measurements are compared with 
the detection of D. radiodurans and Chroococcidiopsis behind 2.5 mm of translucent 
calcite or 20 mm of transparent halite by applying a SORS-like effect of focusing and 
defocusing a confocal Raman microscope with an excitation wavelength of 532 nm. 
The TRRS measurements provide additional depth information by using a 250-ps 
detector gate an increasing delay time of 25-ps step size.

Continuous detection was compared with gated detection under the same conditions 
to illustrate the influence of sample fluorescence to a Raman spectrum. Additional 
fluorescence background decreases the signal-to-baseline ratio of the Raman signals. 
It is essential to keep background signals as low as possible to improve detection 
limits. The fluorescent cyanobacterium Chroococcidiopsis was used to illustrate the 
influence of fluorescence to Raman spectra. All the Raman and fluorescence signals 
are added up in the Raman spectrum when using continuous detection. The typical 
carotenoid signal is still detected due to resonant excitation of 440 nm. The signal-to-
baseline ratio greatly improves when TRRS is used with the fast 250-ps detector gate. A 
temporal distinction can be made of the instantaneous Raman signals and the slower 
fluorescence signals, which improves the signal-to-background ratios.

Additional measurements with an optical-parametric oscillator (OPO) based Raman 
setup with continues detection at an excitation wavelength of 440 nm were performed 
on a well-defined layer of D. radiodurans behind different minerals. Four millimetres 
of the feldspar labradorite 0.5 millimetres of spectrolite (a labradorite variety) or 
1 millimetres of a spessartine were used as first layer material to further evaluate 
detection methods for different minerals. Typical carotenoid Raman spectra could be 
detected through a layer of the previously mentioned minerals.   

Overall, the research performed as part of this thesis shows the possibility to detect 
low amounts of carotenoids and carotenoid bearing organisms in and behind 
mineral matrices at resonant Raman conditions. In addition a first attempt to quantify 
carotenoid signals in D. radiodurans has been made. The study demonstrates that 



photodegradation of the carotenoids has to be taken in account even at a short 
measurement time (1 second versus 1000 seconds) or at low power densities 
(2.2  mW·cm-2 at 385 nm for the photodegradation experiment versus 3.0 kW·cm-2 
at 532 nm for a typical convoval Raman microscope measurement). Other research 
showed that remote RS can be an important tool for the first selection of possible 
places of scientific interest of geological (and possible biological) environments on 
other planets[16]. RS is an ideal technique for highly specific analysis without the need 
of sample preparation, it provides structural information for both organic as inorganic 
material and a combination of RS with other spectroscopic techniques is possible. 

Future prospects
Future research in respect to Raman spectroscopy for planetary exploration should 
focus on both sample analysis and instrument development. In the presented research 
only laboratory grade samples were used, like axenic cultures of microorganisms, 
carefully cut minerals and laboratory grade chemicals as mineral proxies. The described 
methods should be repeated under pertinent planetary conditions (e.g., Martian 
atmospheric conditions) and expanded to real field samples to fully test that the 
described analytical RS methods are applicable for planetary exploration. The study 
of field samples from terrestrial analogues of the Martian environment will (possibly) 
deal with a more complex (interfering) matrix and will represent the best test of the 
methodology apart from actual Martian samples.

One should expect that the maximum penetration depth for Raman measurements 
of transparent and translucent samples is in the order of millimetres to centimetres. 
For translucent samples used during this research a maximum penetration depth of 
10 mm was achieved and 40 mm for a transparent sample. One could expect that the 
penetration depth for transparent samples is multiple times more than reported. In 
our experiments the physical size of the transparent sample itself was the limiting 
factor to the experiment (no larger pieces could be obtained). In nature rock samples 
typically have a grain size between 50 µm and a few mm, but in nearly all cases this 
means that the grain size is (much) larger than the excitation wavelength. Hence the 
scattering length (distance between scattering samples for a dense packed powder) 
will be the limiting factor. The average penetration depth calculated by Monte Carlo 
simulations was found to be ~17 times the scattering length[110], which implies a typical 
penetration depth of one to several mm, in line with our observations. Drill cores will 
be needed for measurements at greater depths.

When considering the potential application of Raman techniques in a planetary 
context, the physical environment of the sample must also be assessed. Differences 
in temperature (T) and atmospheric pressure (P) may influence a Raman spectrum. 
The PhD thesis of Motamedi (2013) describes a setup available and tested at the VU 
University Amsterdam. The Mars atmosphere simulation chamber (MASC) was used to 
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mimic Martian atmospheric conditions to test Raman measurements under reduced 
pressure, low temperature and under a CO2 atmosphere[178]. The cylindrical steel 
chamber has a volume of 0.261 m3 and has space to house both a sample and the 
Raman Laser Spectrometer (RLS) to study the influences of temperature and pressure 
on Raman measurements.

Potential contributions from phase transformations should be considered while 
measuring at different T and P. Mineral samples can change composition over time 
(within minutes) when environmental conditions change, both after sample collection 
from the field and when placed under Martian atmospheric conditions. Raman 
measurements of the dehydration of Al-, Fe-, Mg- and Ca-sulphates samples under 
relevant Martian atmospheric conditions were reported by Wang & Zhou (2014), 
showing that changes in T, P and partial H2O pressure (

α C c E fvib h I0 IRaman k ki λ λ0 λscattered MA MB N t ν ν0 ν ν0 νi µ

PH2O P i

1

) influence the number 
of lattice water molecules per sulphate unit[179]. One has to keep the possibility of 
outgassing and (re-)absorption of water in mind when changing the atmospheric 
conditions (P, T and 

α C c E fvib h I0 IRaman k ki λ λ0 λscattered MA MB N t ν ν0 ν ν0 νi µ

PH2O P i

1

).  Phase transitions of organic material was reported 
by Boldyreva (2009), where some crystalline amino acids changes their phase at 
low temperatures and high pressures[180]. At lower temperatures fewer molecules 
experience so called ‘hot bands’. A ‘hot band’ occurs when a higher vibrational level 
of low frequency vibrations is already occupied instead of the ‘normal’ vibrational 
ground state. This results in additional Raman peaks at the vn-v1 frequencies, next to 
the conventional vn-v0 frequencies. Lower temperatures decrease the possibility of ‘hot 
bands’.

Changes in environmental temperature conditions may also lead to the thermal 
expansion and contraction of the spectrometer, potentially resulting in spatial shifts 
of incident Raman photons on the CCD detector. A spatial shift can cause a shift in the 
peak position (when the system is not recalibrated). Motamedi (2015) observed no 
horizontal shift and a 3 pixel vertical shift for the RLS when lowering the temperature 
from 283 to 253 K[181]. A low pressure gas lamp (Geissler tube) can be used as absolute 
calibration source, since their emission spectrum does not change. Standards with 
a known Raman spectrum, like acetaminophen can be used as relative calibration 
standards and can be used to determine relative peak positions. 

Photodegradation can be in competition with RS. The shorter the excitation 
wavelength, the higher the risk of photodegradation, especially under resonance 
conditions. There are two instrument based strategies to reduce or avoid 
photodegradation problems of carotenoids as reported in chapter 5. Photodegradation 
can be avoided when using excitation wavelengths longer than resonance conditions. 
For example, for β-carotene, photodegradation was not observed at a wavelength of 
785 nm. A major drawback with using longer wavelengths to avoid photodegradation 
is the 

Chapter 1

ν
1

λ0

1

λscattered

(1.1)

fvib 3N 6 (1.2)

fvib 3N 5 (1.3)

ν
1

2πc

k
µ (1.4)

µ
MAMB

MA MB
(1.5)

∆E∆t
h

4π
(1.6)

IRaman ν0 νi
4 (1.7)

IRaman ν0
4 (1.8)

IRaman I0ν0
4
α
2
Cki (1.9)

ν λscattered λ0 fvib N MA MB ν c k µ ∆E ∆t h IRaman ν0 νi I0 ν0 α C ki

1

4 dependency of Raman scattering that reduces the scattering intensity at 



longer wavelengths, in addition to losing the advantage of RRS enhancement. It is 
possible to reduce (or maybe avoid) photodegradation at resonant conditions when 
the incident laser beam is divided over a larger area and consequently reduce the 
radiative flux (irradiance, or power per unit area). 

A potential Raman spectroscopic application that reduces the radiative flux onto a 
sample is wide field global imaging. In wide field mode the laser spot is spread out over a 
large surface, up to 1 cm2. This reduces the radiative flux and thus the photodegradation 
rate. The radiative flux can be reduced by up to 6 orders of magnitude when applying 
a typical laser power of 5 mW in a wide field setup (laser spot size of r = 0.5 cm) 
compared to a confocal Raman microscope (laser spot size of r = 2.5 µm). When using 
global imaging, one specific Raman frequency is monitored using a narrow band pass 
filter. A larger number of Raman frequencies can be monitored if the laser wavelength 
and/or the filter are tuneable. Selectivity and sensitivity combined with relatively fast 
monitoring of large areas for one specific Raman frequency is obtained when utilizing 
wide field global imaging under resonance Raman conditions. 

Recommendation for ESA for a planetary exploration Raman 
instrument 
RS is a potentially powerful tool for planetary exploration and recognised by space 
agencies. ESA and NASA have scheduled launches of Raman equipped Rovers in 2018 
and 2020 respectively. On the longer term, if ESA considers that a follow up to the 
ExoMars 2018 mission is required to look for the detection of life signatures, based 
on the research described in this thesis, we would recommend development of a 
tuneable laser setup with a focus on 440 nm excitation in combination with an ICCD 
detector as Raman instrument.
 
An excitation wavelength of 440 nm proved to be ideal for detection of carotenoid-
like compounds due to the resonance Raman effects that enhanced the carotenoid 
signal. Raman spectra of cyanobacteria were obtained at 440 nm excitation despite 
the fluorescent background.  A major advantage will be the possibility to use tuneable 
systems for the selection of the optimal resonance Raman conditions, and additionally 
it provides the possibility to differentiate between Raman peaks and sharp fluorescence 
bands. A drawback to take into consideration is the possible photodegradation of 
photosensitive compounds at excitation wavelengths equal to and shorter than 
resonant conditions. Raman spectra from the surrounding matrix should be obtained 
for internal standardisation to correct for self-absorption when this is expected due to 
excitation at resonance conditions.

Gated detection will improve Raman spectra when there is competition from 
fluorescence and/or ambient light conditions. This would be particularly relevant 
when RS is combined with remote sensing. In chapter 2 various fundamentally 
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different gating systems are described. An ICCD detector was used during the research 
reported in chapters 3, 4 and 6. Gated detection with an ICCD detector is available 
for gating times less than 250 ps. The major advantage over other gated detectors is 
the possibility to use much longer gating times (orders of magnitude). This approach 
offers the possibility to use the detector for fluorescence measurements. An ICCD does 
not require high power laser pulses in contrast to Kerr-gating; it has a much higher 
spectral resolution than a single-photon avalanche diode (SPAD) detector; and can be 
operated at a repetition rate of 80 MHz. This results in high resolution Raman spectra 
within a short measurement time with low power consumption. In addition, this 
technique can profide structural information of minerals on a sub-cm scale.

SORS will be an ideal method to provide structural information on the sample 
heterogeneity of whole rocks and drill cores of translucent minerals and can be done 
by focusing and defocusing a microscope objective when it is used for both sample 
excitation and the collection of backscattering photons. A second method is to apply a 
spatial offset between the excitation and collection point. SORS may provide information 
about the heterogeneity of a drill core or whole rock when Raman measurements are 
recorded for different focal points or at different offsets. Changes in relative peak ratios 
will indicate sample heterogeneity, where the most affected peaks are indicative for 
the surface and the less affected peaks for deeper layers. These are relatively simple 
technical tricks to obtain spatial information from a sample, and in addition can be 
used to partly suppress a possible fluorescent background from surface layers.

A major advantage of utilizing a tuneable laser system on a planetary rover would 
be the possibility to perform shifted wavelength excitation. Raman peaks can easily 
be distinguished from sharp fluorescence bands when a slightly different excitation 
wavelength is used in combination with a fixed spectrometer. The Raman peaks change 
their position (on a wavelength scale) while the fluorescence bands and fluorescent 
background stay fixed. For example, when using an excitation wavelength of 440 nm 
only a wavelength difference of 0.2 nm has to be applied to cause a Raman peaks to 
shift ~10 cm-1, the typical width of a Raman peak. When the two consecutive spectra 
are subtracted, a pseudo 1st derivative spectrum with a flat baseline remains, only 
showing the Raman peaks. The fluorescent background and sharp fluorescent bands 
are cancelled out. One has to keep in mind that this method is not possible when the 
Raman peaks are overwhelmed by the fluorescent background and disappear in the 
shot noise.

A tuneable laser setup should be combined with a tuneable notch or low-pass filter (or 
with a set of different filters) to fully benefit from flexible wavelength excitation. This 
offers the opportunity to perform on- and off-resonant Raman measurements, and 
additionally it may reduce or even prevent fluorescent interferences when changing 
excitation wavelengths.



Most of the methodologies discussed above require tuneable lasers, tuneable 
notch filters and/or gated detectors. To make a planetary mission viable with such 
instrumentation, technological development should be focused on miniaturizing 
tuneable laser systems, tuneable notch filters and the optimization of ICCD detectors 
both in respect of instrumental size, power consumption, spectral sensitivity and 
dynamic range.

This final paragraph is dedicated to a desirable but as, yet non-existent technology. 
The possibility of energy-dispersive detection of UV/VIS and near infrared (NIR) 
photons would offer an alternative to gain spectral information solely based on the 
energy (wavelength) of a photon, without the use of a spectrometer. Energy-dispersive 
detection is a common technology in X-ray spectroscopy (high-energy photons in a 
wavelength range of 0.01 to 10 nm) and has been used in the detection for extreme 
UV[182] but it does not (yet) exist for UV/VIS and NIR spectroscopy. This type of detector 
does not require a monochromator and therefore in theory can be positioned very 
close to the sample. Photons diffusely scattered from the sample can be detected due 
to a large field of view. Energy-dispersive detection may further reduce instrumental 
size and weight and potentially offering wide-field, high sensitivity detection.


