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We present recent developments in time-resolved Raman spectroscopy instrumentation and measurement tech-
niques for 7z situ planetary surface exploration, leading to improved performance and identification of minerals
and organics. The time-resolved Raman spectrometer uses a 532 nm pulsed microchip laser source synchronized
with a single photon avalanche diode array to achieve sub-nanosecond time resolution. This instrument can detect
Raman spectral signatures from a wide variety of minerals and organics relevant to planetary science while
eliminating pervasive background interference caused by fluorescence. We present an overview of the instrument

design and operation and demonstrate high signal-to-noise ratio Raman spectra for several relevant samples

of sulfates, clays, and polycyclic aromatic hydrocarbons. Finally, we present an instrument design suitable
for operation on a rover or lander and discuss future directions that promise great advancement in capability.

OCIS codes: (300.6450) Spectroscopy, Raman; (300.6500) Spectroscopy, time-resolved; (140.3538) Lasers, pulsed; (120.6200)

Spectrometers and spectroscopic instrumentation.
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1. INTRODUCTION

A. Raman Spectroscopy for Planetary Science

Over the past several decades, laser Raman spectroscopy has
become an important technique in a wide range of fields, in-
cluding geology and mineralogy [1,2] pharmaceuticals [3], life
sciences [4] and medicine [5], art and archeology [6], gemology
[7], and national security [8]. Its wide applicability comes from
the fact that each band in a Raman spectrum represents inter-
action of incident light with a vibrational mode in the molecule
or crystal; it is therefore highly material specific and can be used
for identification and structural characterization of unknown
samples. For planetary science, laser Raman spectroscopy offers
an attractive iz situ method for robotic exploration of planetary
surfaces that can combine capabilities for the identification
of minerals present in geological materials, with capabilities
to detect organic matter [9—14]. Additionally, Raman is a non-
destructive technique that requires no sample preparation and
is well suited for deployment on a planetary rover or lander. In
combination with microscale imaging and point mapping,
Raman spectroscopy can be used to directly interrogate rocks
and regolith materials, while placing compositional analyses
within a microtextural context (e.g., see Fig. 1), essential for

understanding surface evolutionary pathways. Due to these
unique capabilities, Raman spectroscopy is of great interest for
the exploration of all rocky and icy bodies, including Mars,
Venus, the Moon, Mars’ moons, asteroids, comets, Europa,
and Titan.

Raman spectroscopy for space exploration has become a
reality with the recent selection of Raman instruments by both
NASA and ESA for the upcoming Mars 2020 and ExoMars
missions. The Mars 2020 payload will include a remote
Laser induced breakdown spectroscopy (LIBS)/Raman instru-
ment (SuperCam) [15] and an arm-mounted ultraviolet (UV)
fluorescence and resonance Raman spectrometer (SHERLOC)
[16], which is highly specialized to detect specific organic com-
pounds. The Raman Laser Spectrometer (RLS) [17] on ESA’s
ExoMars Rover is 2 532 nm Raman spectrometer that will mea-
sure powdered samples brought onboard the rover for analysis.

Although the Raman technique is over 80 years old, it is
only now gaining traction for applications requiring miniatur-
ized, robust, low-power instruments. These new applications,
which include exploration of the planets as well as field explo-
ration on Earth with handheld Raman spectrometers, are made
possible by combined technological advances in the areas of
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Fig. 1. Time-resolved Raman point map of a shear surface within a
basaltic unit of the Miocene age Topanga Canyon Formation, Griffith
Park, California. This figure illustrates the ability to combine micro-
textural information with mineralogy and organics detection. The
spectra in (a) correspond to the points in the image (b) which shows
a fine-grained “fault gouge” along the shear surface containing isolated
mineral grains (1-4 and associated spectra), within a fine matrix. The
exposed, weathered surface was colonized by endolithic microorgan-
isms, indicated by beta carotene in spectrum four.

lasers, detectors, optical system design, and computer control
and analysis.

In this work we demonstrate how these technological
advances, especially in the areas of pulsed lasers and time-
resolved detectors, can be applied to Raman spectroscopy in
order to achieve improved performance of the Raman tech-
nique. We present an overview of Raman spectroscopy, specifi-
cally as it applies to iz situ analysis of planetary surface materials
in their natural state, which often includes high fluorescence
background. We then discuss instrument architecture with a
focus on the key enabling technologies—pulsed microchip la-
sers and time-resolved single photon avalanche diode (SPAD)
detector arrays. Next, we present results obtained on planetary
surface analog samples, demonstrating the improved perfor-
mance made possible by the time-resolved technique. We show
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an example architecture demonstrating the feasibility of minia-
turizing a time-resolved Raman instrument that would be suit-
able for operation on a rover arm. Finally, we discuss future
directions that could lead to further advances.

B. Background Interference

Raman scattering is a weak phenomenon, and therefore the
presence of background light can significantly degrade the
signal-to-noise ratio (SNR) of Raman spectra. The primary
sources of background light are ambient light and fluorescence
from the sample itself, induced by the Raman laser probe.

The standard technique for eliminating ambient light from
Raman spectra involves significant spectrometer baffling as well
as sample shielding enclosures. In laboratory spectrometers, the
optical path, including the sample, is typically inside of a dark
enclosure. In field portable in situ instruments, complete enclo-
sure is difficult to achieve, and ambient light can contribute to
the background.

Across all fields in which Raman is applied, the background
present from laser-induced sample fluorescence is cited as per-
haps the greatest challenge. Even the presence of trace impu-
rities and organics in a sample that is otherwise nonfluorescent
can produce strong fluorescence that interferes with the ability
to identify the materials present. For geological samples there
are two significant sources of fluorescence: fluorescence from
the minerals themselves (due to, e.g., impurities or defects
in the mineral crystal lattice) or from organic molecules present
in the sampling volume. The two types of fluorescence differ in
their time scales, with mineral fluorescence typically of the
order of hundreds of nanoseconds (ns) to milliseconds (ms)
[18]. Organics, on the other hand, fluoresce on shorter time
scales in the sub-nanosecond to nanosecond range [19].

Several approaches have been explored in order to mitigate
the well-known fluorescence problem [20]. The following
Section 1.C summarizes the main approaches that have been
used to optimize SNR while at the same time minimizing back-
ground interference. These methods rely mainly on selection of
an advantageous source wavelength or shifted excitation meth-
ods using multiple wavelengths. We then highlight the advan-
tages of using time resolution for this purpose in Section 1.D.

C. Source Wavelength Selection

The selection of an excitation source wavelength for Raman
spectroscopy is an important one, with a bearing on the uli-
mate sensitivity of the technique for the materials of interest.
While the intensity of the Raman signal varies as A~ favoring a
short wavelength excitation source (e.g., UV), other factors
often come into play which lead to the choice of longer wave-
lengths such as 532, 785, and 1024 nm. Each has its advantages
and disadvantages. UV excitation is the best choice for many
organics, which exhibit a large resonance Raman effect [21].
This advantage is compounded by the fact that in the deep
UV (< ~ 250 nm) the Raman is spectrally well separated from
fluorescence, which may occur in these molecules. Longer
wavelength UV (e.g., 355 nm) has also been demonstrated
[22]. UV Raman (combined with time gating) has been applied
to mineralogy using 248, 266, and 355 nm sources, with po-
tential advantages demonstrated for Raman spectroscopy of cal-
cite samples containing multiple luminescence centers [23].
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However, since UV light is absorbed in a very thin surface layer
of material, when looking at dark materials (e.g., many major
rock-forming minerals) the UV Raman return is weak. For such
materials, and for mineralogy in general, longer wavelengths in
the visible and infrared are preferred. Green excitation sources
(e.g., 532 nm) are common in laboratory instruments used for
geology and materials science. With a green excitation source,
most minerals yield strong enough Raman return for spectral
identification. However, when excited with green light, many
minerals and organics will fluoresce at wavelengths that spec-
trally overlap with the Raman return, confounding results. One
solution to the fluorescence problem is to use an infrared ex-
citation source (e.g., 785 or 1024 nm). This solution is gaining
popularity, especially for handheld Raman spectrometers target-
ing the geosciences. The disadvantage of infrared excitation
over green excitation is that the Raman return is significantly
weaker leading to lower SNR as well as longer collection times
[24]. Additionally, infrared sources can still excite fluorescence
in some materials, so the problem is not completely eliminated
(e.g., trace amounts of Nd®>, Pr’* | and Er’T can cause intense
fluorescence in the infrared).

Recently, shifted excitation methods for extracting Raman
information from interfering backgrounds have been gaining
widespread use in the laboratory and portable Raman spec-
trometers using 532 to 785 nm sources, as a means for miti-
gating fluorescence interference [24-27]. These methods have
been applied to a wide variety of samples with great success for
dealing with background interference. However, the drawback
of these methods is that the fluorescence must be recorded by
the detector for accurate subtraction, thereby still contributing
to the dominant shot noise. Thus, in the presence of very
strong fluorescence, shifted excitation techniques on their own
are insufficient.

D. Time-Resolved Raman Technique

1. Overview

In this work we demonstrate the advantages of time-resolved
Raman spectroscopy [28,29] using a 532 nm excitation source.
This technique offers a means of using a visible light (green)
excitation source while at the same time effectively reducing
fluorescence interference. An important distinction here is that
in time-resolved Raman, fluorescence is not recorded by the
detector and so does not contribute to shot noise as it does
in other background removal techniques. The technique works
by discriminating between Raman and fluorescence in the
time domain since each of these processes occurs at different
time scales. Raman scattering is virtually instantaneous (<1 ps)
while fluorescence lifetimes vary from ps to ms time scales
depending on the material. In addition to eliminating fluores-
cence, time-resolved spectroscopy offers the important opera-
tional advantage of excluding ambient light (which is a
continuous source and easily eliminated using this technique).
This means that the instrument can operate in daylight either
in the field or on a planetary surface mission without the need
for light shielding.

An illustration of how time-resolved Raman works is shown
in Fig. 2. A pulsed laser is used as an excitation source,
and a time-gated detector is synchronized with the pulsed laser.
The detector gate is “on”—i.c., the detector is recording
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Fig. 2. TIllustration of time evolution of Raman and fluorescence
shown for a 600 ps laser pulse. The green curve represents the Raman
return. The blue, red, orange, and magenta curves represent the return
from fluorescence with different lifetimes, convolved with the laser
pulse. The 1 ns time gate (the time window where the detector is
on) is activated prior to the laser pulse. The time resolution achievable
in the case of this ideal gate is approximately equal to the laser pulse
duration. As shown, gating rejects a significant portion of the fluores-
cence and is most effective when the fluorescence lifetime is longer
than the time gate.

signal—only during the Raman return, which occurs instanta-
neously. The fluorescence, which has a longer lifetime, is not
collected as it occurs outside of the gate. It is evident from this
example that the lifetime of the fluorescence will determine
how short the laser pulse and gate must be to effectively reject
fluorescence. An added feature of the time-gate technique is
that it is possible to scan the gate in time and measure fluores-
cence lifetime. In this way, we can distinguish between short
and long lifetime fluorescence. In planetary science, this could
be very useful as a means to detect the presence of organics with
short lifetimes, even if they are present in concentrations far
below the Raman detection limit.

2. Enabling Technology

We have previously demonstrated the potential value of time-
resolved Raman spectroscopy for planetary science by showing
significant fluorescence rejection on geological samples using
this technique [30]. At the time, the state-of-the-art and most
promising hardware for performing time-resolved spectroscopy
on the sub-ns time scale used a streak camera as a detector
synchronized with a pulsed microchip laser source. While
streak cameras are somewhat complex and difficult to minia-
turize, at the time of that work no suitable alternative solid-state
detector array existed that was capable of sub-ns time resolution
while at the same time satisfying the stringent requirements for
Raman spectroscopy. Over the past few years, this notion has
rapidly changed with the development of single photon ava-
lanche diode arrays, which operate in the single photon count-
ing mode with entirely digital output. SPADs are capable of
sub-ns time gating, using very little power, and operating with-
out the need for cooling over a wide temperature range. As
such, we quickly concluded that SPADs would represent the
enabling technology for time-resolved Raman in a miniaturized
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formar [31]. Indeed, with recent technological advancements,
the use of SPAD detectors for time-resolved Raman spectros-
copy is gaining attention in the broader community [32].

Along with the time-resolved detector, the characteristics of
the pulsed laser are critical in determining the ultimate time
resolution and SNR performance of the time-resolved Raman
technique. Passively Q-switched diode-pumped solid-state
(DPSS) microchip lasers are the technology of choice for this
application because they offer performance and reliability in a
compact, robust package suitable for space flight applications.
Although not with the specifications required here, several
similar DPSS lasers have been qualified and flown on NASA
missions, for example, the LIDAR instrument on the Mars
Phoenix Scout mission [33].

It is these recent advances in solid-state time-resolved detec-
tors and pulsed lasers described above that now make it feasible
to implement time-resolved Raman spectroscopy on a rover or
lander with little added complexity, size, weight, or power when
compared to a conventional continuous wave (CW) Raman
spectrometer. It is the combination of this miniaturization with
the promise of greatly improved capability that motivates this
work.

2. EXPERIMENTAL

A. Instrument Overview

A schematic of the time-resolved Raman spectrometer used in
this work is shown in Fig. 3. It is a laboratory benchtop instru-
ment prototype that uses subsystem components that are suit-
able for space flight (or have alternatives which are readily
available that are suitable for space flight).

To acquire time-resolved Raman spectra, a 532 nm passively
Q-switched pulsed microchip laser (TEEM Photonics SNG
MicroChip) delivers ~1.5 pJ, ~600 ps, spectrally narrow
(<0.1 nm) pulses at a repetition rate of 40 kHz. A small portion
of the beam is sampled and delivered to a trigger photodiode,
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Fig. 3. Schematic of the time-resolved Raman spectrometer.

Research Article

which synchronizes the pulse arrival with the SPAD detector gat-
ing. The main laser beam is attenuated to a power level appro-
priate for the sample using standard ND filters and delivered to
the sample through a 0.60 NA microscope objective (Qioptic,
Optem 20X M Plan APO LWD). The laser spot is defocused
slightly to reduce the power density on the sample. In this work
the laser was intentionally defocused to provide an ~5 pm spot
size on the sample. The return light is delivered to a spectrometer
through a dichroic edge filter (Semrock 532 nm RazorEdge
ultrasteep long-pass edge filter). A fiber delay line consisting
of a 10 m long graded index fiber (Thorlabs GIF625) is used
to ensure that there is sufficient time for the SPAD to trigger
before the return light reaches the detector. The spectrometer
used in this work is a standard commercial transmission grating
spectrometer (Kaiser Optical HoloSpec {/1.81 VIS with a HSG-
532-LF grating), providing a -50-2200 cm™" spectral range and
~6 cm™! spectral resolution. With the use of a beam splitter, a
microscopic imager records images of the sample through the
same objective lens, allowing for imaging of the laser spot on
the sample. A three-axis translation stage is used for sample
positioning, and focus stacking (a standard procedure used to
extend depth of field [34]) is used to obtain focused images over
the entire image area for real mineral samples with unprepared
surfaces and high roughness.

B. Time-Resolved Detector

In this work we use a 1024 x 8 pixel SPAD array described in
detail by Maruyama ez a/. [35] and shown in Fig. 4. This SPAD
array was designed and fabricated using standard CMOS proc-
esses that have been used for many other flight components and
are therefore compatible with space flight applications that we
are targeting here. The rise and fall times of the gate are 550 ps
and 250 ps, respectively. The gate width is adjustable, but in
practice the optimal gate width is chosen to be as short as pos-
sible given the limitations imposed by the laser pulse width and
gate fall time. This is determined experimentally by optimizing
Raman SNR as the gate width is varied. Using this method, an

~1 ns gate was chosen for this work.

C. Measurement Procedure and Calibration

In order to convert spectroscopic data collected with the SPAD
array to useful Raman spectra, several calibrations are required.
First, prior to each measurement a dark spectrum is acquired
which is later subtracted from the acquired spectrum. Second,

SPAD CHARACTERISTICS

*  8x1024 array of SPADs

*  Pixelincludes SPAD, gating circuit, 1 bit counter

* 700 ps minimum gate width

* 250 ps on-chip delay line
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¢ Noise: 7.4 kHz
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Fig. 4. (left) Custom 1024 x 8 SPAD array integrated with FPGA

and power module, and (right) close-up of the SPAD array.
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the wavenumber must be calibrated. This is accomplished
using a standard sample with known Raman peaks. In this work
cyclohexane is used. Third, a relative intensity calibration is
performed to compensate for the variations in spectral through-
put of the instrument, detector sensitivity, etc. This is accom-
plished using a spectrally calibrated broadband lamp (Thorlabs
SLS201). After applying the dark noise correction, wavenum-
ber calibration, and relative intensity calibration, the data are in
their final usable form.

Additional post-processing can be used to subtract any re-
maining baseline that is present from short lifetime fluorescence
that is not completely rejected by time gating. Finally, the deter-
mination of mineral phases present from the measured spectra is
accomplished with the use of our custom classification software
[36] designed to handle large databases with robustness against
inconsistencies in database spectra related to, for example, vari-
ability in instrumentation and sample purity. In this work we
use the RRUFF (RRUFFO Project: http://rruff.info/) database
combined with our own database of collected spectra to deter-
mine the mineral phases present in mixtures such as naturally
occurring rock samples.

3. RESULTS

A. Time-Resolved Raman Measurements of Minerals
Relevant to Planetary Science

We have performed time-resolved Raman measurements on a
wide range of natural geological samples containing both min-
erals and organics, many of which are highly relevant to plan-
etary science investigations. For example, on Mars it is now well
understood that habitable environments once existed in places
like Gale Crater [37]. Minerals associated with sedimentary de-
posits and aqueous alteration, such as clays and sulfates, have
been identified in these environments on Mars from both orbit
and in situ [38—41]. Future missions could be aimed at secking
samples for return to Earth, potentially from similar habitable
environments that are most likely to contain evidence of past
life [42,43]. By analogy, many aqueously formed minerals from
similar environments on Earth show high levels of background
fluorescence [44—46]. In the search for fossilized organic matter
on Mars, time-resolved Raman spectroscopy would therefore
be a highly capable method for characterizing the surface
mineralogy under a wide range of conditions including a high
fluorescence background. In this section, we demonstrate the
capabilities of the technique by showing time-resolved Raman
spectra for several challenging natural mineral samples.

1. Sulfate Minerals

Most sulfate minerals require an aqueous environment for their
formation and are thus of great interest in elucidating planetary
geologic histories, for example, on Mars. Since many clays
and sulfates form under different conditions (e.g., clays typi-
cally require a neutral pH while many sulfates require acidic
conditions), the existence of both of these types of minerals
in different layers in the same location can indicate the chang-
ing conditions at that site and can place constraints on the
time frames where habitable conditions prevailed [47,37].
Magnesium sulfate is one such mineral that has been identified
on the surface of Mars from orbit. It is hygroscopic and can
exist in a number of different hydration states, depending on
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its environmental history. Raman spectroscopy is an excellent
method for identification of magnesium sulfate minerals, and
the peak positions can provide additional information about
the hydration state, with peaks shifting to higher wavenumber
with decreasing hydration [48]. Although magnesium sulfate is
not in itself fluorescent, because these minerals form in aqueous
environments, they often concentrate impurities (minerals and
organics) that are fluorescent when illuminated with a laser.
For example, the natural magnesium sulfate sample CIT2222
is highly fluorescent and Raman spectra could not be attained
using CW Raman. The time-resolved spectrum of this sample
is shown in Fig. 5. In this case, time-resolved Raman spectros-
copy yields a high SNR magnesium sulfate spectrum with
excellent fluorescence rejection. The peak positions in this spec-
trum reveal that the sample is hydrated, matching most closely
to starkeyite.

2. Clay Minerals

Clay minerals are ubiquitous on Earth and are the end products
of weathering of a wide variety of rocks [49]. Clays are of prime
importance to life on Earth as they play a fundamental role in
the properties of soil. Many clays such as montmorillonite favor
neutral pH conditions as well and can thus serve as an indicator
for the presence or history of aqueous conditions favorable to
life on other planets. Despite their importance, clays present a
number of distinct challenges to mineralogical characterization.
They are fine-grained with large variability in chemical compo-
sition and are rarely found in pure form but rather mixed
with other fine-grained minerals. Raman spectroscopy of clays
is notably challenging due to the fine grains size, the weak
polarizability of the Si—O and Si=O in the clay structure,
coupled with frequent high fluorescence background interfer-
ence. To combat fluorescence, FT-Raman is frequently used in
the laboratory [50,51,44] where high laser power and long
scans can be used to achieve acceptable SNR.

Figure 6 shows a time-resolved Raman spectrum of a mont-
morillonite clay sample (H-19) from Polkville, Mississippi.
This sample exhibited extremely high background fluorescence
in a conventional CW Raman spectrometer, preventing the
Raman peaks from being distinguished. Using time-resolved
Raman, we were able to distinguish four different minerals

(b)
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Fig. 5. (a) Time-resolved Raman spectrum (not baseline corrected)
of a highly fluorescent natural magnesium sulfate sample CIT 2222.
This sample could not be characterized using CW Raman due to
extremely high fluorescence that saturated the CCD detector. Time-
resolved Raman reveals a hydrated phase with a best match to starkey-
ite. (b) Microscope image of the laser spot incident on the sample.
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Fig. 6. Time-resolved Raman spectrum (blue) of montmorillonite
H-19 from Polkville, Mississippi. This spectrum has been baseline cor-
rected (BC) and shifted vertically for clarity. Peaks labeled “Mont.” are
attributed to montmorillonite. The presence of two minor phases, cal-
cite and anatase, is apparent in the time-resolved spectrum. A single
peak labeled G may be attributed to a green mica clay. Spectra of calcite
and anatase from the RRUFF database are shown here in green and
light blue. For comparison, a measurement of the same montmoril-
lonite sample on a standard continuous-wave Raman spectrometer
(without time-resolution) is shown in red. This spectrum was acquired
over 1 s. Longer acquisition time quickly saturated the CCD detector
due to extremely high fluorescence background. As a result, no spectral
features could be distinguished without the use of time resolution.

in this sample: montmorillonite, anatase, calcite, and a possible
green mica clay [52].

While many clay samples exhibit very strong fluorescence
similar to what was observed in the montmorillonite H-19 sam-
ple, some clay samples exhibit moderate fluorescence where
CW measurements can provide some useful data, though such
data can sometimes be inconclusive. In such samples, the use of
time resolution can improve the SNR of the measured spectra
appreciably. An example is shown in Fig. 7 using hectorite,
a lithium-containing smectite clay. This sample exhibited
moderate fluorescence as can be observed in the sloping back-
ground of the CW spectrum. With the use of time gating, the
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Fig. 7. Time-resolved Raman spectrum of hectorite from Hector,
California (Wards) shown in gold, with the same spectrum shown after
baseline correction (BC) in blue. In addition to hectorite, a minor
phase of calcite is observed and can be compared to the calcite
Raman spectrum from the RRUFF database shown in green. For com-
parison to CW Raman (without time resolution), both the CW and
time-resolved spectra are shown on the same normalized scale, without
baseline subtraction (red and gold, respectively). It is clear from this
data that the fluorescence background is significantly reduced by time
gating, although not completely eliminated.
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fluorescence background is appreciably reduced but can still be
observed. It can be concluded that the lifetime of the respon-
sible fluorophor is of the order of several nanoseconds, and
therefore the 1 ns time gate only rejects a portion of the fluo-
rescence background.

B. Time-Resolved Raman Measurements of Organics
The presence of fluorescence originating from organics is of
concern for nearly all planetary bodies and is expected to be
highly variable throughout the solar system. Here we consider
polycyclic aromatic hydrocarbons (PAHs) compounds that are
ubiquitous throughout the solar system and can be strongly
fluorescent [53]. On Earth, PAHs are the products of transfor-
mation of buried primary organic matter, forming geopolymers
like kerogen as the result of biodegradation processes. A similar
process is thought to have been possible on Mars, where hab-
itable environments are known to have existed. In addition,
PAHs have been reported in carbonaceous chondrite meteorites,
Martian meteorites, stardust comet samples, interplanetary dust
particles, and interstellar matter. PAHs have also been identified
spectroscopically on the surface of Saturn’s moon Titan, [54] an
organic-rich body where fluorescence is expected to be signifi-
cant. In light of the diverse occurrences of PAHs, a method
for their reliable detection and characterization is desired for a
wide range of applications, one of which is determining the
potential for habitability and life elsewhere in the solar system.

Coronene is a PAH with the chemical formula C,4H;, and
is one of the many organic compounds that has been identified
spectroscopically on Titan [54]. It can also be found in nature
as the mineral carpathite. In this work we have measured
Raman spectra from a synthetic coronene sample containing
trace impurities and exhibiting a very high fluorescence back-
ground when excited with the laser. This sample could not be
characterized by CW Raman spectroscopy due to overwhelm-
ing fluorescence. Time-resolved Raman spectra for this sample
are shown in Fig. 8. Spectra are shown for our standard 1 ns
gate, as well as for a 16 ns gate intended to emulate a CW-like
measurement (i.e., the gate is left open after the Raman process
is complete at which point fluorescence continues to be de-
tected). It is clear from the high background and the absence
of Raman spectral features that a time gate of 16 ns is insuffi-
cient to gate out the relatively short lifetime fluorescence in this
sample. With the 1 ns gate, fluorescence is partially rejected,
and three coronene peaks are visible.

4. DISCUSSION

A. Feasibility for Planetary Surface Applications

With planetary science applications in mind, a major goal of
our work is to miniaturize the time-resolved instrument and
package it in a way that is suitable for use on a planetary lander
or rover. Such a compact design could also be adapted more
generally to operation as a handheld instrument either by as-
tronauts or field geologists on Earth. The suitability for minia-
turization has been a driving factor for all components chosen
for this work and most specifically the laser and detector which
are highly miniaturizable when compared to other technologies
that are limited to use in laboratory studies (e.g., Ti:sapphire
lasers, streak cameras). Furthermore, when choosing our
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Fig. 8. Time-resolved Raman spectra for a coronene sample con-
taining trace impurities responsible for the extremely high fluorescence
background. A 16 ns gate is not short enough to reduce the fluores-
cence background to a level where Raman spectra can be obtained.
With a 1 ns gate, a Raman spectrum emerges and three coronene
Raman peaks can be detected. However, improved time resolution
would be desirable for achieving better signal-to-noise spectra.

subsystem components with space applications in mind, we
have paid attention to size, weight, and power consumption,
as well as robustness to vibration and radiation. It is important
to note that although we work with nonflight parts in this lab-
oratory prototype, all components used in this work can poten-
tially be designed to meet the necessary requirements.

As a demonstration of the feasibility of miniaturization for
space applications, we present here a model of a time-resolved
Raman instrument designed for operation on a Mars rover arm
shown in Fig. 9. The arm-mounted instrument contains the
following modules: an optical bench for co-aligned Raman
and imaging, a pulsed laser source, two miniature spectrometers
with custom nanosecond time-gated detectors, and an electron-
ics module. To the extent possible, all electro-opto-mechanical
components required for time-resolved Raman measurements
are accommodated within the arm-mounted unit and are op-
tically connected using stationary short (standard step index
multimode) optical fibers, fully enclosed in the instrument.
This modular design strategy allows for relatively independent
development of the modules, using flight heritage components
where possible. Though we have chosen a specific arm-
mounted architecture here, the exact placement of these mod-
ules is flexible, enabling straightforward adaptation to a broad
range of missions with differing requirements. The estimated
mass for the arm-mounted module is 1.8 kg (the total mass
including body-mounted components would be ~2.5 kg). The
power consumption is estimated at a peak power of <10 W
and a typical operating power during Raman measurement
of ~6 W. The two spectrometers are designed to cover the
two primary regions of interest in Raman spectroscopy of min-
erals and organics: ~100—~ 1800 cm™! (spectrometer 1) and
~1800— ~ 4000 cm™! (spectrometer 2) keeping the resolution
of both spectrometers <10 cm™! over the entire range. While
the experiments performed in this work are limited to roughly
the range of spectrometer 1, spectrometer 2 is also needed in
order to directly probe OH and H,O vibrational modes, im-
portant for hydrated minerals such as the clays and hydrated
sulfates discussed in this work. Also of interest, this range would
capture N-H stretching modes and C-H stretching modes of
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Fig. 9. (top) CAD drawing and (bottom) block diagram of the
arm-mounted time-resolved Raman instrument. Components are
color-coded for easy identification across both figures. The instrument
case measures 144 mm x 181 mm x 104.5 mm and the objective pro-
trudes an additional 29 mm. For scale, a 14 mm diameter U.S. quarter
is rendered in the lower left corner of the instrument.

aliphatic and aromatic organic compounds [55]. These minia-
ture spectrometers (f'/4, crossed Czerny—Turner design) are
based on flight heritage spectrometers (e.g., LCROSS, LADEE,
O/OREQS, and MSL [56]), with minor modifications.

B. Future Directions

We have demonstrated the effectiveness of time-resolved
Raman spectroscopy in reducing fluorescence originating from
minerals as well as many organics relevant to geologic samples.
However, limitations still exist, particularly for applications
where organics are the primary target and where sub-ns lifetime
fluorescence dominates. We identify two areas where signifi-
cant improvements can be made: reducing the effective gate
duration for the improved rejection of short lifetime fluores-
cence and improving the management of the laser power
delivered to the sample.

While the SPAD gate width in this work was set to ~1 ns,
the minimum practical gate width of the SPAD, which deter-
mines the time resolution achievable with this chip, is essen-
tially determined by the rise and fall time of the gate if the
laser pulse duration can be made arbitrarily short (see Fig. 10).
In theory, if the gate could turn on and off instantaneously then
the minimum time resolution would be defined by the laser
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Fig. 10. Simulated laser pulse (solid line) shown with (a) measured
1.1 ns gate (dashed line) displaying 0.55 ns rise and 0.25 ns fall time
and (b) an ideal gate with sharp rise and fall. Using an early gating
scheme where the gate is activated prior to the laser pulse, the time
resolution achievable in the case of the ideal gate is approximately
equal to the laser pulse duration (200 ps is used here for illustration).

pulse duration alone. In such a case, the gate would be turned
on prior to the laser pulse and turned off precisely at the end of
the laser pulse, as illustrated in Fig. 10(b). However, in reality,
the measured rise and fall times of the gate are finite. With the
SPAD used in this work, we estimate that we would see a sig-
nificant improvement in fluorescence rejection capability by
moving to laser source pulses down to ~100 ps.

Since the time-resolved Raman technique requires the use of
a fast pulsed laser, an additional consideration (compared to
CW Raman) is required in order to avoid sample damage:
minimizing the peak power incident on the sample. From this
point of view, a larger laser spot is desirable, but in microscopic
Raman spectroscopy, a small spot size is necessary for achieving
high spatial resolution and for unambiguous analysis and iden-
tification of fine-grained materials. Instead, a better way to re-
duce the peak power density is to lower the pulse energy and
increase the laser repetition rate. This strategy allows for higher
average power to be used, improving SNR for samples that
are easily damaged by high peak power (e.g., dark samples and
sensitive organics).

In this work we have chosen the highest repetition rate laser
available commercially which meets all of the other require-
ments for pulsed Raman in a miniaturized and robust package.
However, recent developments in semiconductor saturable
absorber technology have realized a significant leap in passively
Q-switched DPSS microchip laser technology [57-59]. These
new lasers offer the same narrow spectral linewidth and excel-
lent beam quality while operating at much higher repetition
rates (megahertz) and at pulse energy levels appropriate for
our application and with shorter pulse duration (<100 ps).
We are currently integrating these lasers into our time-resolved
Raman instrument [60] and will pursue this direction in our
future work.

5. CONCLUSIONS

Time-resolved Raman spectroscopy offers an attractive strategy
for planetary surface exploration, where a wide variety of min-
erals and organics can be targeted without interference from
background fluorescence or ambient light. We have demon-
strated the effectiveness of time-resolved Raman using a bench-
top instrument prototype with sub-ns time resolution using

two recently developed enabling technologies: a time-resolved
SPAD detector array and a miniature pulsed microchip laser
operating at 532 nm. It is these enabling technologies that have
made it feasible to miniaturize a time-resolved Raman instru-
ment into a small package suitable for a planetary rover or
lander. In this work we have presented time-resolved Raman
spectra for several planetary analog samples including sulfates,
clays, and PAHs. These samples were chosen because they are
known to pose challenges in the form of high fluorescence,
short-lifetime fluorescence, inherently low Raman return,
and/or low sample damage threshold. We have shown that
time-resolved Raman can be used to obtain high quality
Raman spectra, even for these challenging cases where CW
Raman has been unsuccessful. Future work will focus on minia-
turizing the instrument into a flight-like configuration as well as
expanding the capabilities of this technique by exploring high-
speed pulsed lasers that promise significant SNR improvements.
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