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2.1 Introduction to Raman spectroscopic techniques
Different Raman spectroscopic techniques have been developed over time to improve 
sensitivity and selectivity of RS. Resonance Raman spectroscopy (RRS) can be used to 
enhance the Raman signal of specific chromophoric compounds in a mixture and 
time resolved Raman spectroscopy (TRRS) and spatially offset Raman spectroscopy 
(SORS) can be used to obtain better depth resolution for layered heterogeneous 
samples. As explained in chapter 1, fluorescence can be a major inhibitor in detecting 
certain compounds. To reduce the contribution of fluorescence to the background 
of the Raman spectrum, Fourier transform Raman spectroscopy (FTRS) at 1064 nm, 
(deep) ultra violet Raman spectroscopy (UVRS) and TRRS may help. TRRS and deep 
UVRS are also used to reduce the contribution of the background under ambient light 
conditions. Remote RS can be employed to measure Raman spectra from a distance. 
The present chapter will elaborate on how these techniques may be of potential use 
in the field of planetary sciences and ends with a description of the equipment used 
in this thesis.

2.2 Time resolved Raman spectroscopy
TRRS makes use of time discrimination of different spectroscopic processes and 
additionally can differentiate between sample layers due to differences in optical path 
lengths. Initially the technique was developed to reduce the fluorescent contribution 
to a Raman spectrum[81] and later the ability to distinguish between different layers in 
diffusely scattering media was recognised[82]. Raman scattering is a fast process - the 
timespan of one molecular vibration (~10-12 s). Only sample thickness, refractive index 
and the scattering properties of the sample influence the time between excitation and 
detection. Fluorescence is an at least 1000-fold slower process compared to Raman 
and happens in general on a nanosecond (10-9) to microsecond (10-6) timescale. The 
required temporal resolution depends on the fluorescence/luminescence lifetime that 
needs to be suppressed or the sample layers that need to be distinguished; therefore 
fast time detection is crucial.

Several methods are used for fast detection: Kerr gating, intensified diode arrays, streak 
cameras, single-photon avalanche diode (SPAD) based detectors and gated intensified 
charge-coupled device (ICCD) cameras can provide spectra with less fluorescence 
interference. These gated detection schemes are used in combination with pulsed 
excitation, and the overall temporal resolution will be the convolution of the (laser) 
pulse width and the detector response. Note that femtosecond laser pulses are less 
suitable for Raman spectroscopy because of spectral broadening. The next paragraph 
provides an overview of the different types of detectors. More in depth information 
will be given about ICCD detection because of its relevance to the research described 
in this thesis.



Fluorescence rejection using an intensified diode array with 5 ns gating was reported 
in 1986 by Everall et al.[81]. Matousek et al. (2002) proved that Kerr-gated TRRS with 
picosecond time resolution is an effective technique to reduce the short-living 
fluorescence background in a Raman spectrum. The Kerr-medium changes its 
refractive index in response to an applied electric field[83,84]. The optical Kerr effect 
requires high intensity pulsed lasers but offers fast gating in the order of 3 ps response 
times. Unfortunately, in the case of temporally broadened Raman signals this short 
response makes it more difficult to have effective temporal overlap between the 
Raman signal and the gating pulse. The high intensity of the laser pulse requires a low 
repetition rate for a sufficient build-up of laser power. In a streak camera Raman spectra 
are collected using a spectrograph, a photo cathode and swept across a CCD using 
high speed voltage ramps and a phosphor screen. The result is a three-dimensional 
plot of intensity versus wavenumber and time. The streak camera technique of 800 
ps streaks in combination with a 532 nm laser, 800 ps pulse widths and a repetition 
rate of 1 kHz has been successfully tested for in situ planetary exploration. The short 
gate reduces the fluorescent contribution of minerals relevant to Martian geology[85]. 
A comparison study was reported between the streak camera and SPAD detection 
utilizing an all-solid-state 128×128 SPAD detector both with a 532 nm laser operated 
at 40 kHz with 500 ps pulse width. The SPAD detector showed a better S/N ratio when 
compared to the streak camera at gating times of 33 ns although the streak camera 
has the possibility of 500 ps gating[86]. The SPAD detector is able to detect low intensity 
signals (down to the single photon). 

The ‘I’ in ICCD stands for the intensifier that amplifies the signal entering the camera. 
The intensifier consists of three components; a photocathode and micro-channel plate 
(MCP) and a phosphorescent screen (figure 2.1). Photons hit the photocathode after 
the different wavelengths are being dispersed by a spectrograph where each photon 
produces a single electron. This electron is accelerated towards the MCP due to an 
applied electric field. The electron causes a cascade of electrons when hitting one of 
the MCP channels and this cloud of electrons is accelerated towards the phosphor 
screen. This screen converts the electrons back to photons that can be detected by 
a CCD camera. The phosphor screen only produces photons with the same (green) 
wavelength but the position of the produced photons indicates the initial wavelength, 
and thus the Raman shift.

The intensifier can be used as a detector gate since a potential difference (indicated 
with A and A’) applied between the photocathode and the MCP can be switched 
on and off very fast, with our setup 250 ps gating at an 80 MHz repetition rate. The 
potential difference between the front and back side of the MCP (indicated with B) 
is constant and can be set between 200-950 V. The potential difference between the 
MCP and the phosphor screen (C) is 5.8 kV plus the MCP voltage. The photocathode 
has a higher potential (A) than the MCP (approximately +30 V) when the gate is OFF 
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and electrons are forced to return to the photocathode. When the potential difference 
(A’) drops to approximately -200 V, due to a high speed pulse during the ON-state of 
the intensifier, electrons are able to reach the MCP. The width of this pulse determines 
the gate time. Both Efremov et al. (2007) and Martyshkin et al. (2004) reported on 
fluorescence rejection using a gated ICCD camera as detector in combination with a 
tuneable Ti:sapphire laser (both Mira 900p)[87,88].

Figure 2.1: Intensifier of an ICCD detector. Potential difference of B and C stay fixed. 
When the intensifier is OFF the potential difference of A is +30 V, electrons 
cannot reach the MCP. When the intensifier is ON the potential difference of 
A’ is -200 V and electrons can reach the MCP.

An illustration of the events that occur in a gating experiment with a 2-layered sample 
in backscattering geometry (figure 2.2) shows the 3-ps laser pulse (in blue) and the 
250-ps gate (in grey). Raman signals of the first layer (in red) reach the detector sooner 
than the Raman signals of the second layer (in yellow) and an additional fluorescence 
signal (in green) is observed. The delay time of the gate is relative to the trigger pulse 
(in pink) from a photodiode. When a relatively short delay time is applied only first 
layer Raman signals will appear. A Raman signal from the second layer will show up 
at longer relative delay times and, in addition, the relative intensity of the first layer 
Raman signals will decrease with time after the laser pulse. The relative intensities and 
lifetimes of the events shown in figure 2.2 may vary (up to orders of magnitude) for 
different samples. The short detector gate also prevents a large contribution of the 
fluorescence signal to a Raman spectrum.



 

Figure 2.2: Schematic representation of the time events in TRRS of a 2-layered sample in 
backscattering geometry. After the 3-ps laser pulse (blue) both Raman (red 
for the first layer and yellow for the second layer) and fluorescence (green) 
signals are produced. The 250-ps gate prevents a large contribution of 
fluorescence signals to the recorded Raman spectrum and provides depth 
information about multi layered samples. Relative intensities and lifetimes 
of the different processes may vary (up to orders of magnitude) for different 
samples.

Multiple examples can be found of gated RS of minerals to avoid long-lived 
luminescence of certain minerals. For example, calcites from the Iran area were 
measured using a 532 nm 10 ns pulsed laser as excitation source at a repetition rate of 
8 Hz using a 23 ns gated ICCD camera as detector[89]. Gaft and Nagli (2009) compared 
Raman spectra from calcite samples obtained by two different gated systems with 
both UV and visible excitation sources. These calcite samples were selected based on 
their property of having broad and sharp luminescent bands. One setup used 8-10 
ns gating of an ICCD camera in combination with a 248 nm KrF excimer laser and a 
Nd-YAG laser system, emitting harmonics at 266, 355 and 532 nm. Both laser systems 
produced 10 ns pulses at a repetition rate of 10 Hz. The other setup consisted of a 
picosecond Nd-YAG laser system (266, 355 and 532 nm) with 30-50 ps pulses at 10 
Hz and was used in combination with a 500 ps gated ICCD camera. UV excitation 
proved to be the most effective for separating the Raman and luminescence signals. 
Differences between 10 ns gating and 500 ps gating were observed for a sample with 
a short luminescence lifetime and when excited at 532 nm[90].

High temperature RS of MgAl2O4 spinel at 1400 °C using a 526.5 nm pulsed laser as 
excitation source and a 20 ns gated ICCD camera as detector was used to lower the 
contribution of light from the hot surface to the Raman spectrum of the minerals[91]. 
More examples of pulsed detection can be found in the section below about remote RS.
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Although TRRS was initially used as a method to lower the contribution of fluorescence 
to a Raman spectrum[81], its application in depth analysis became recognised by 
Matousek et al. (2005) using a Kerr-gated system[82] after initially being observed as 
an unwanted side effect[92]. Ariese et al. (2009) recognised the possibilities of depth 
analysis using an ICCD detector and compared results with the earlier mentioned 
Kerr-gated method[93]. Besides planetary applications, gated detection was used to 
detect concealed explosives[94], for depth profiling of calcifications in breast tissue[95] 
and of phantom tissues mimicking such calcifications[96] and examining inside catalyst 
extrudates[97]. 

To summarize the above mentioned techniques for TRRS a short overview for 
the different gating techniques is shown. Keep in mind that ongoing technical 
developments improve the properties of the gating techniques. 
• Kerr gating is the fastest (down to 3 ps) gating technique but the most complicated 

because it requires high energy laser pulses and therefore usually has a limited 
repetition rate[84]. The short gate is less suitable for temporally broadened Raman 
signals.

• Streak camera has a relatively short gating time of 500 ps[86] (even down to 100 ps)
[98] but a small photon collection area.

• SPAD detector is an all-solid-state, high sensitivity (down to single photons) but 
has a relatively long gating time and low spectral resolution 25 µm × 25 µm pixel 
size for the mentioned 128×128 SPAD detector[86].

• ICCD detector can be operated at a very fast repetition rate of 80 MHz and has a 
minimum gating time of 250 ps[87].

When selecting the appropriate gating two factors have to be kept in mind:
1. fluorescent/luminescent lifetime(s) of the sample. Short fluorescence lifetimes 

require even shorter detector gates. The consequence of long fluorescence/
luminescence lifetimes is that pulsed lasers with slow repetition rates should 
be used. Preferably all fluorescence/luminescence effects should have decayed 
before exciting the sample again.

2. fluorescent/luminescent intensity of the sample. High fluorescence/luminescence 
intensities require short gating times. The shorter the gating time the lower the 
contribution of the unwanted fluorescence/luminescence signals.

3. when TRRS is used to distinguish different layers the temporal resolution of the 
setup should match the photon migration times through the various layers.

2.3 Remote Raman spectroscopy
Remote RS or standoff RS is a spectroscopic technique able to measure Raman spectra 
at a distance. A telescope is used as the collection optics to gather the backscattered 
photons. One of the first practical setups for remote RS was reported in 1967 by 
Leonard[99]. The setup was used to observe nitrogen and oxygen in the atmosphere 



and utilized a pulsed nitrogen laser, a telescope and a photomultiplier as detector[99]. 
Theoretical support for remote RS was brought by Hirschfeld (1974)[100]. Angel et al. 
(1992) described and utilized the first portable remote Raman setup[101]. One of the 
early proposals to utilize a planetary lander with a remote Raman setup was presented 
by Lucey as early as 1998[102].

There are several advantages to equip a planetary rover with a remote setup. Chemical 
information could be obtained from minerals and organics from distances of tens[103] 
to hundreds[104] of metres. Such an instrument can conduct preliminary investigations 
of distant targets. A selection of scientifically interesting places can then be made 
without the rover spending time actually getting there. A second advantage is that 
measurements can be performed on sites that are difficult to access by rovers.

The previous section of this chapter illustrates the use of gated detection for rejection 
of fluorescence and depth profiling. Another application of gated detection is 
Standoff RS. When applying pulsed lasers and gated detection, measurements during 
both daytime and nighttime are possible[105]. The gating of the detector is triggered 
to only be open when Raman photons are expected and background from additional 
photons from ambient light or fluorescence is kept to a minimum. It is preferable to 
perform measurements during day time because these measurements can then be 
combined with optical imaging of the site of interest. A second advantage is that the 
power consumption of the instruments during the night has to be kept to a minimum 
to preserve power for heating during night operations[106]. 

Different geometrical configurations can be used in a stand-off setup, as shown in 
figure 2.3. In the coaxial geometry, described in figure 2.3a, the laser overlaps with 
the optical axis of the telescope at all distances by using two 45° angle prisms hence, 
no realignment of the optics is needed. In the oblique geometry, as shown in figure 
2.3b, the laser is directly aimed at the target and thus needs realignment when the 
sampling distance is changed.

Another advantage of the standoff technique is that it can be combined with several 
other spectroscopic techniques, for instance, laser-induced breakdown spectroscopy 
(LIBS)[103] or laser-induced fluorescence (LIF)[14]. LIBS is a complementary technique 
of RS, providing the major element composition of a sample. LIF can detect trace 
amounts of transition metal ions and rare-earth ions from Ce to Yb down to ppb level 
in minerals and inorganic materials and offers the most sensitive method of detection 
of organics and biomarkers.



53

2

Ra
m

an
 s

pe
ct

ro
sc

op
ic

 m
et

ho
ds

Figure 2.3: Schematic representation of a stand-off Raman setup using (a) coaxial; and 
(b) oblique geometry, adopted from Misra et al. (2005)[105].

One of the latest developments in remote Raman spectroscopy is the in 2013 reported 
fast method for mapping sample surfaces to increase the speed of the analysis of 
larger areas. Scanning standoff Raman spectroscopy (SSTRS) was used to map an area 
of 138 cm2 (32 points in total) that consisted of a combination of different mineral 
samples at a distance of 30 metres with an integration time of 10 seconds per point[107]. 
The target consisted of pieces of barite (BaSO4), gypsum (CaSO4·2H2O), plagioclase 
feldspar (mixture of NaAlSi3O8 and CaAl2Si2O8), α-quartz (α-SiO2) rocks and silica glass, 
where the latter showed no Raman signature.

A more theoretical and comprehensive approach to remote RS is given by Klein et al. 
(2004) providing an overview of the samples investigated as well as the instrumental 
components and instrument configurations utilized and their limitations[3].

2.4 Spatially offset Raman spectroscopy
Another technique that can be used for a layered, scattering sample is Spatially Offset 
Raman Spectroscopy (SORS). The essence of SORS is to apply a spatial offset between 
the point of excitation and the collection point of the Raman signal from the sample; 
in conventional RS this difference is zero.  In case of a two-layered sample, the relative 
contribution of the first layer Raman signals decreases more rapidly than that of the 
second-layer signals when increasing offsets are applied, and scaled subtraction of 
the spectra with and without offset will yield a Raman spectrum corresponding with 
the deeper layer[108]. Two geometric configurations applicable in SORS are shown in 
figure 2.4b; point collection and concentric circle collection. The technique in figure 
2.5 can be compared with the point collection configuration described in figure 2.4b. 



A comparison study of experimental SORS measurements and Monte Carlo simulations 
showed similar results for the dependence and the variation of the relative Raman 
signals of top and sub-layers as a function of the offset[109]. The maximum penetration 
depth of the photons in a sample is dependent on the transparency of the sample. 
The more transparent a sample is, the deeper the photons can penetrate. Monte Carlo 
simulations by Everall et al. (2004) showed that the average penetration depth of 
scattering Raman photons collected in a backscattering geometry was approximately 
17 times the scattering length (distance between scattering samples for a dense packed 
powder)[110]. For relatively small objects it is also possible to collect photons from all 
sides using optical fibres and thus obtain more detailed depth information[111,112]. The 
majority of applications of these techniques are in the biomedical[113], pharmaceutical[114] 
and forensic field[115]. There are little or no publications of SORS in the field of planetary 
sciences, besides the work described in chapter 3 of this thesis.

Figure 2.4: (a) The principle of spatially offset Raman spectroscopy; and (b) two principal 
collection geometry configurations, adopted from Matousek (2005)[108].

Figure 2.5: SORS setup with movable prism used in this thesis.
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SORS-like effects can also be obtained using a microscope by defocusing the collection 
system[116]. Figure 2.6 shows a microscope objective with the first layer of the sample: 
in focus (figure 2.6a); and out of focus (figure 2.6b). The collection efficiency for the 
first layer is the highest while the objective is focused on this layer, but in translucent 
samples photons can go back and forth through the layers. These photons can interact 
with the second layer, produce Raman photons and be collected by the objective. The 
Raman signals of the second layer have a lower intensity compared to Raman signals 
of the first layer, but the relative collection efficiency of first layer Raman signals 
decreases faster than the one of deeper layers in case the objective is defocused. As 
in SORS, scaled subtraction of the spectra obtained in/out focus will yield a spectrum 
that corresponds with the deeper layer. This is a relatively easy and simple trick to 
obtain information from multi-layered, scattering samples using a standard confocal 
setup, although it is not as effective as the SORS configurations earlier mentioned.

 

Figure 2.6: Microscope objective with the first layer of the sample (a) in focus; and (b) out 
of focus. When comparing signal intensities of first layer signals to second 
layer signals, the latter one is much less influenced by the focal depth.

2.5 Ultraviolet Raman spectroscopy
UVRS is a powerful analytical technique although it is technically more complicated 
than visible (VIS) or near infrared (NIR) RS. Excitation wavelengths used in the UV are 
roughly in the 244-360 nm range. RS greatly benefits from excitation wavelengths 
in the deep UV. Despite the fact that many compounds have absorption maxima in 
the UV, when exciting at wavelengths <260 nm only a limited number of compounds 
fluoresce upon excitation at those short wavelengths, and if they do, their quantum 
yields are, in general, low[30]. A second advantage is the increased scattering efficiency 
(
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4) at shorter wavelengths[117].

It should be stressed that not only the compound should be considered. The origin 
of the fluorescent background can either originate from the compound itself or from 
the surrounding matrix. One should be aware of the fact that a complex sample can 
accommodate hundreds of different fluorophores.



In UVRS the wavelengths of the Raman photons are relatively close to the excitation 
wavelength. When exciting at 244 nm the Raman photon of a CH-stretch vibration 
around 3000 cm-1 has only a 19 nm difference from the excitation wavelength. This 
explains why especially in UVRS high resolution spectrographs are needed. At 532 nm 
excitation, this difference is raised to 101 nm. The disadvantage of UVRS is that special 
coatings or materials are required for the optical components and the separation of 
Raman photons from excitation photons is more difficult. Moreover, molecules can 
show photodegradation due to the high photon energy[118].

One of the first proposals for a standoff UV Raman system (ps-pulsed 355 nm 
excitation) for a planetary lander was proposed in 2011 by Babin et al.[119]. Skulinova 
et  al. (2014) used a stand-off Raman setup with 355 nm ns-pulsed excitation to 
measure minerals and organics relevant to planetary research[106]. UVRS combined 
with LIF at an excitation wavelength of 266 nm for detection of organic compounds at 
a 1% concentration in a silica sand matrix was demonstrated by Eshelman et al. (2014)
[120]. NASA’s Mars 2020 rover mission will be equipped with an arm-mounted, deep UV 
(DUV) RRS and fluorescence spectrometer utilizing a 248.6 nm DUV laser[21].

2.6 Instrument setups used in this thesis
The next part of this chapter will give an overview of the equipment used during this 
research, presently available in LaserLaB at the VU University in Amsterdam. Setups 
are available for:
• TRRS and SORS, tuneable Mira 900P (700-950 nm) laser with the option for 

frequency doubling and frequency tripling, combined with a fast ICCD detector 
for 250-ps gating.

• Confocal Raman spectroscopy instrumentation, Renishaw InVia (with 532 and 
785 nm excitation).

• Backscatter Raman with optical parametric oscillator (OPO) with a 532 nm 
pump laser. This tuneable system has two outputs: a signal output (between 
690-990 nm) and an idler output (between 1150-2300 nm). Both Signal and Idler 
can be frequency doubled/tripled.

2.6.1 TRRS and SORS
Figure 2.7 depicts the TRRS instrumental setup.  A 532 nm, frequency-doubled Nd:YVO4 
laser (Coherent Verdi-V18, Santa Clara, CA, USA) operated at 9 W, pumps a tuneable 
Ti-sapphire laser that produces 3 ps pulses at a repetition rate of 76 MHz (Coherent 
Mira 900P). The laser has a fundamental wavelength range of 690–980 nm that can be 
used in combination with a frequency doubler/tripler (TP-2000B, U-Oplaz). For SORS 
measurements a small 90° prism can be moved parallel with respect to the sample 
surface. Via this prism the laser spot can have a lateral offset of a few mm with respect 
to the collection point of the Raman signal. Lens 1 (diameter 25.4 mm and ƒ= 50 mm) 
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collects the backscattered light and sends a parallel bundle through the dielectric stack 
long-pass filter that is used to block the reflected laser line and Rayleigh scattering. 
Lens 2 focuses the backscattered Raman emission on to the 70-µm entrance slit of a 
50-cm single-stage spectrograph (SpectraPro, Acton, MA, USA).

Figure 2.7: TRRS Raman setup without the optional frequency doubler/tripler.

 
Time-gated detection of the Raman spectra was performed using an ICCD camera 
(LaVision Picostar HR Picostar, Göttingen, Germany) with a microchannel plate (MCP) 
with an operating potential difference of 850 V, at a temperature of 262 K. The ICCD is 
triggered by a photodiode receiving a fraction of the laser output via a quartz plate. For 
comparative measurements, continuous wave detection was carried out using a non-
gated CCD camera (model DV420-OE, Andor Technology, Belfast, UK) side-mounted to 
the same spectrograph and operated at a temperature of 223 K. The intensity units of 
the CW and TRRS detectors are not directly comparable.

2.6.2 Confocal Raman microscope
Confocal Raman spectra at excitation wavelengths of 785 and 532 nm can be 
recorded using a Renishaw (Wotton-under-Edge, United Kingdom) InVia Reflex Raman 
microscope with a 300 mW 785 nm diode laser in combination with the 1200 lines 
per mm (l/mm) grating and an 80 mW, 532 nm frequency doubled Nd:YAG excitation 



source in combination with an 1800 l/mm grating, and a Peltier cooled CCD detector 
(203 K). The instrument includes a Leica light microscope with 5×, 20× and 50× air 
objectives. The 521 cm-1 Raman shift of an internal silicon standard was used to verify 
the spectral calibration of the system.

2.6.3 Optical parametric oscillator
The OPO setup consists of a 532 nm, frequency doubled Nd:YVO4 laser (Coherent 
Paladin Advanced 532-20000, Santa Clara, CA, USA) operated at 20 W that pumps an 
OPO laser (APE Levante Emerald, APE Angewandte Physik & Elektronik GmbH, Berlin, 
Germany) with tuneable wavelength range for the Signal from 690-990 nm and an 
Idler range from 1150-2300 nm. Both Signal and Idler can be frequency doubled/
tripled (APE HarmoniXX). The Raman signal is collected in backscatter mode, through 
a 20×, 0.65NA microscope objective (Partec GmbH, Münster, Germany) and a dielectric 
stack long-pass filter and focused at a spectrograph (Andor Shamrock, SR-303i-A, 
Belfast, UK) and photons are detected with a Andor Newton 920 CCD detector (Andor 
DU920P-BR-DD) cooled to -60°C.


