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CONTEXT IMAGING RAMAN
SPECTROMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 62/101,457, filed on Jan. 9, 2015, the
disclosure of which is incorporated herein by reference in its
entirety.

STATEMENT OF INTEREST

The invention described herein was made in the perfor-
mance of work under a NASA contract NNN12AAO1C, and
is subject to the provisions of Public Law 96-517 (35 USC
202) in which the Contractor has elected to retain title.

TECHNICAL FIELD

The present disclosure relates to optical spectroscopy.
More particularly, it relates to a context imaging Raman
spectrometer.

BRIEF DESCRIPTION OF DRAWINGS

The accompanying drawings, which are incorporated into
and constitute a part of this specification, illustrate one or
more embodiments of the present disclosure and, together
with the description of example embodiments, serve to
explain the principles and implementations of the disclosure.

FIG. 1 illustrates an exemplary portable Raman instru-
ment.

FIG. 2 illustrates an exemplary Nd:YVO4/YVO4/KTP
laser.

FIG. 3 depicts exemplary measurements in a line across
a sample.

FIG. 4 illustrates an exemplary Raman and context imag-
ing set up.

FIGS. 5-7 illustrate exemplary Raman measurements.

FIG. 8 illustrates an exemplary Raman and context imag-
ing set up with two lasers.

FIG. 9 illustrates an exemplary ring of LEDs.

SUMMARY

In a first aspect of the disclosure, a device is described, the
device comprising: a first laser to emit a first laser light at a
first wavelength; a plurality of LEDs to emit LED light at a
second wavelength different from the first wavelength; a
plurality of optical elements to convey the first laser light
from the first laser onto a sample and collect a Raman shifted
light and the LED light from the sample; a Raman detector
to collect the Raman shifted light; and a context imager
detector to collect the LED light.

In a second aspect of the disclosure, a method is
described, the method comprising: emitting a first laser light
at a first wavelength by a first laser; emitting LED light at a
second wavelength different from the first wavelength by a
plurality of LEDs; by a plurality of optical elements, con-
veying the first laser light from the first laser onto a sample
and collecting a Raman shifted light and the LED light from
the sample; detecting the Raman shifted light by a Raman
detector; and detecting the LED light by a context imager
detector.

DETAILED DESCRIPTION

Raman spectroscopy is a powerful tool for mineral char-
acterization and for detection of water and organic and
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2

inorganic forms of carbon. For example, the Mars micro-
beam Raman spectrometer (MMRS) is designed for close-up
analysis of rocks and soils in planetary surface exploration,
as described by Wang et al., Development of the Mars
microbeam Raman spectrometer (MMRS), J.1 of Geoph.
Research, vol. 108, no. E1, 5005, 2003, the disclosure of
which is incorporated herein by reference in its entirety. The
MMRS consists of a probe (in a flight unit to be deployed by
a robotic arm) and a spectrograph, laser source, and elec-
tronics (in a flight unit to reside on a rover or lander). The
Raman probe has a scanning optical bench that enables a
1-cm linear traverse across a target rock or soil, both on
target materials as encountered and on fresh surfaces of
rocks exposed by abrasion or coring. From these spectra, it
is possible to identify major, minor, and trace minerals,
obtain their approximate relative proportions, and determine
chemical features (e.g., Mg/Fe ratio) and rock textural
features (e.g., mineral clusters, amygdular fill, and veins). It
is also possible to detect and identify organic species,
graphitic carbon, and water-bearing phases. Extensive per-
formance tests have been done on a brassboard model of the
MMRS using a variety of geological materials (minerals,
rocks, Martian meteorites, etc.). These tests show that a
Raman spectrometer can be built that is suitably miniatur-
ized, sufficiently robust, and low enough in power usage to
serve as an on-surface planetary instrument, yet the spec-
trometer can retain high detection sensitivity and yield near
laboratory quality spectra over a broad wavelength range.
These features are essential to provide definitive mineralogy
in a planetary exploration.

In other embodiments, the Raman spectrometer described
in the present disclosure may have different applications,
such as medical imaging or mineral analysis of rocks. The
Mars spectrometer is used herein as an example, and other
applications are within the scopes of the present disclosure.
In some embodiments, a Raman spectrometer can enable
direct information about chemical bonding and crystal struc-
ture, and thus enable direct identification of oxyanionic
minerals, oxide and sulfide minerals (FeOOH, Fe,O;,
Fe,O,, FeS, FeS,, TiO,, etc.), water and waterbearing
minerals (ice, CaSO, 2H,0, micas, clay minerals, clathrates,
etc.) and organic and inorganic carbon. A Raman spectrom-
eter can provide information on rock texture, and it can
determine cation ratios in many minerals.

In some embodiments, Raman spectroscopy includes
scanning across the target surface with a microbeam, which
enables statistical estimates of relative abundance for major
minerals and detection of minor and trace minerals. For
example, a Raman microanalytical instrument, the Mars
microbeam Raman spectrometer (MMRS), can be simple,
robust, low mass, small volume, conservative of power, and
able to work in the harsh environments encountered by flight
instruments. The instrument has the sensitivity and spectral
range and quality that approach those of a modern laboratory
Raman instrument. It can scan unmodified surfaces of rocks
and soils as encountered, without sample preparation, as
well as examine abraded rock surfaces and cores.

An on-surface Raman system should cover a broad spec-
tral region and have adequate spectral resolution and detec-
tion sensitivity. For example, a range of 200-1800 cm™" for
characterization of minerals and graphitic carbon, and 2500-
4000 cm™ for detection of organic functional groups and
water. In some embodiments, a spectral resolution of 7 cm™
can give a wave number precision of less than 2 cm™ for
peak positions. In some embodiments, the probe delivers 10
mW of laser power to the target. To achieve a high tolerance
of the relief intrinsic to unprepared, rough sample surfaces
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(rock or soils) without an autofocus mechanism, the probe
has a large depth-of-sampling field. To obtain a line of 100
spectra along a 1.2-cm traverse of the target surface, the
probe uses a simple line-scan mechanism. Combining a
microbeam with a line-scanning traverse capability
increases the probability of finding minor minerals and weak
Raman scattering phases because the spectrum obtained at
most spots will be of only one or two minerals. The overall
result of such a line scan is thus the identification of major
minerals, minor minerals, and determination of rock texture,
rough mineral proportions, and mineral chemistry. In other
embodiments, different technical specifications may be used
to realize the Raman spectrometer.

In Raman spectroscopy, monochromatic light from a
source is scattered inelastically from the target material, for
example, a mineral. The spectrometer rejects reflected light
from the source and Rayleigh-scattered light of that same
wavelength, and it analyzes the longer wavelengths of the
Raman-scattered light (Stokes lines). The difference in
wavelength between the source light and the scattered light
corresponds to transition energies in the material that pro-
duced the scattering. This difference in wavelength, nor-
mally given in units of wave number, cm™, is called the
“Raman shift.” For example, inelastic scattering from the
silicate mineral olivine gives Raman-scattered light of sev-
eral principal wavelengths, and those wavelengths are char-
acteristic of olivine. The transitions that give rise to these
main peaks are Si—O vibrational motions, transitions whose
energies correspond to those of mid-infrared and far-infrared
photons. For many minerals, a plethora of minor peaks is
also produced. A technological advantage of Raman spec-
troscopy is that it provides information similar to that
obtained by mid-infrared and far-infrared spectroscopy, but
the spectra can be obtained in the visible spectral region
where Raman spectroscopy is efficient. Also, lasers and
detection systems in the visible region of the spectrum are
well understood and have space flight heritage because most
optical and electro-optical components have their best per-
formances there and have a long history of successful
fabrication.

Because the Raman effect is weak compared to other
signal sources, a laser excitation source is required for
practical use. Shorter excitation wavelengths can be the
most effective for a given laser power because of the inverse
dependence of Raman scattering intensity on the fourth
power of the wavelength. For mineralogical work, relative
freedom from photoluminescent interference in the funda-
mental vibrational regions of oxyanionic minerals, oxide
and sulfide minerals, and H,O and OH can be important.
Therefore, in some embodiments, a 532 nm (green) laser is
very suitable for Raman spectroscopy according to the
present disclosure. However, other wavelengths may be
used. For example, blue or red wavelengths. Small,
mechanically robust, relatively power-efficient lasers at the
green wavelengths are available, such as diode pumped,
frequency-doubled YVO,/Nd+KTP devices.

In some embodiments, as visible in FIG. 1, the devices of
the present disclosure can comprise a Raman probe (105)
and a spectrometer (110). The probe (105) may comprise
different elements such as optical filters and lenses. The
probe and the spectrometer may be connected with multiple
optic fibers (115). A fiber may be used for the excitation
laser, while another fiber may be used for collecting the
resulting signal. For example, a lens focuses the laser beam
onto the sample and collects the backscattered radiation
from the sample, which includes reflected laser light, Ray-
leigh-scattered light, and Raman-scattered light at a shifted
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wavelength. The probe filters out the reflected and Rayleigh-
scattered radiation and directs the Raman signal to a second
optical fiber that leads to the spectrograph.

In some embodiments, the objective lens focuses the laser
light which can be advantageous. A coaxial light path of
excitation and collection can ensure maximum cone overlap
and thus maximum collecting efficiency of the Raman-
scattered light. In some embodiments, the same objective
lens can be used to condense the laser beam onto the sample
and to collect the scattered Raman radiation from the
sample.

In some embodiments, a multimode optical fiber can be
used instead of a single-mode optical fiber for transfer of the
excitation laser beam to the probe. A multimode optical fiber
can improve system robustness against mechanical vibration
and have a higher coupling efficiency of the excitation laser
power.

In some embodiments, the Raman probe is deployed with
a mechanical arm of a rover. For example, the arm can press
the probe against the target, thus fixing the average distance
between the sampling (and condensing) objective and the
target. For simplicity and ruggedness, in these embodiments,
no automatic focusing is used. Instead, the probe has an
effective depth-of-sampling field of several millimeters to
accommodate the surface roughness anticipated for most
samples. This is achieved by using a sampling objective with
a long working distance (1 cm) and a low numerical aperture
(NA=0.45). A multimode optical fiber (d=200 mm) can be
used to collect the Raman signal from the probe and to
transfer it to the spectrograph. This fiber acts like an over-
sized iris at the back-imaging plane of the sampling objec-
tive, making it possible to collect Raman signal from off-
focus planes of the sample. This configuration gives an
effective depth-of-sampling field that considerably exceeds
the depth of focus of the objective as normally considered.
This large effective depth-of-sampling field is an advantage
in Raman measurements on the uneven sampling surfaces of
rocks.

In some embodiments, a rock is analyzed by taking a
spectrum at different points of the rock surface, by moving
the probe in a series of steps. In this way, a spectrum is taken
at each step. The condensed laser beam activates only a
small volume of the target, which usually contains only one
or two mineral grains, so only their spectra are recorded.
One of those grains may be a minor or trace mineral in the
rock or soil, but it provides a major part of the Raman signal
at that sampling point. This procedure increases the prob-
ability of detecting minor and trace minerals as well as weak
Raman scattering minerals, whose signals would be lost in
the background noise of the minor peaks of strong Raman
scattering minerals if they were simultaneously excited by a
broad excitation laser beam. Peak positions are key for
mineral identification; peak intensities are normally not used
for that purpose.

In some embodiments, the Raman spectroscopy device of
the present disclosure may comprise dielectric band-pass,
dichroic, and long-pass edge filters in the optical train of the
probe. These filters have low coefficients of thermal expan-
sion. Raman signal is produced within the optical fiber that
transmits the laser beam to the probe. This Raman signal
extends to >1000 cm™" and has a maximum near 430 cm™'.
The band-pass filter attenuates this signal, for example, by a
factor of 10~ (OD >5) at a Raman shift position of 105
cm™'. The filter has a greater than 80% transmittance at the
excitation laser wavelength (532 nm), so it does not signifi-
cantly decrease the laser power to the sample. The dichroic
filter can serve as a front-surface mirror to direct the laser
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beam toward the sampling objective. This same filter, when
acting in transmissive mode has an OD >4.5 at the excitation
wavelength (for example, at 532 nm) to reject much of the
component of the backscattered radiation (Rayleigh-scat-
tered or reflected laser radiation) and a transmittance of
93+4% starting from 543 nm (Raman shift of 380 cm™).
This provides efficient transfer of the Raman signal from the
sample. A long-pass edge filter provides additional rejection
of 10 with an OD level of 4.5 at 532 nm, and an even higher
transmittance (95+4%) for Raman signals. Overall, an
exemplary probe can reach 41% effective transmission for
the 532 nm excitation beam, and 64% for on-focus Raman
signal collected at a Raman shift of 3000 cm™ (633 nm).

In some embodiments, the radiation resulting from the
laser excitation is collimated, dispersed, and imaged onto a
CCD detector (Charge Coupled Device). For example, the
MMRS spectrograph has an axially transmissive optical
train, as visible in FIG. 1. In some embodiments, the axially
transmissive optical train comprises a volume holographic
transmissive grating that is matched by two sets of on-axis
lenses for high-quality imaging. An advantage of a totally
transmissive optical train in a flight spectrograph is its lower
sensitivity to the unavoidable misalignments in a miniatur-
ized instrument and to mechanical vibrations that may occur
during rover mobility operations. The angular displacement
of a ray caused by a misalignment or a mechanical vibration
passing along a transmissive optical path is only half as large
as it would be on passing along a reflective optical path.

Additionally, from the point of view of optical design, a
transmissive, on-axis optical train has intrinsically low aber-
ration. By using multicomponent lenses for collimating and
focusing, almost complete correction of the major aberra-
tions (spherical aberration, coma, and astigmatism) can be
reached over a large wavelength range. This allows low f
number optics with a large solid angle of acceptance to be
used. The low f number optics also enable a high throughput
for Raman photons. The low aberration results in high
imaging quality and high spectral resolution. For an axially
transmissive spectrograph, it is easy to approach diffraction
limited imaging, so that spectral resolution may be limited
mainly by the width of pixels rather than by the point spread
function of the optics. In addition, the low level of scattering
by a volume holographic grating results in a lower level of
stray light than is normally achieved using reflective com-
ponents. For example, a volume holographic grating used
has groove densities of 2455 lines/mm (lower Raman shift
region) and 2156 lines/mm (higher region) to provide high
angular dispersion. Lenses with very short focal lengths can
therefore be used to attain high spectral resolution, thus
allowing the spectrograph to remain compact in size.

In several embodiments, a dispersive spectrograph
involves a trade-off between spectral coverage and spectral
resolution to match a detector of fixed length. A transmis-
sive, dual-blaze grating can simultaneously disperse two
separate spectral regions onto one CCD frame. Each spectral
region can make full use of the 1088 channels (20 pixels
high) of the CCD detector. In this way, the spectrograph
covers the spectral ranges (200-1800 and 2500-4000 cm™)
required to achieve the detection of a wide variety of
minerals and organic substances, yet with adequate spectral
resolution to determine cation ratios of geologically impor-
tant phases (e.g., pyroxenes, olivine, carbonates, and sul-
fates). With this dual-blaze grating, it is possible to achieve
a spectrograph of low mass and volume with wide spectral
coverage and high spectral resolution.

In most high-performance laboratory Raman instruments,
a fiber-slit assemblage is used. Raman radiation transported
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via an optical fiber can be either directly coupled to or
imaged onto the slit to form a rectangular image of the
collected Raman radiation. This image is registered on the
CCD, and its width determines the spectral resolution. The
throughput of such an assemblage depends on the core
diameter of the optical fiber relative to the slit width, that
width being established by the required spectral resolution.
To achieve a desired spectral resolution, it may be required
to have a 50 mm input aperture to the spectrograph. In some
embodiments, the collecting fiber of the present disclosure is
200 mm in diameter, in which case nearly 70% of the Raman
signal is sacrificed in order to preserve resolution by using
a 50 mm slit.

In some embodiments, such as in the MMRS brassboard,
a three-element lens collimates the Raman beam received
from the fiber-slit assemblage, and a four-element lens
condenses the dispersed spectral images onto the CCD
detector. This pair of multicomponent lenses is aberration-
corrected and provides a 1:1 image of the slit onto the
detector, which achieves the necessary spectral resolution.

In some embodiments operating in the visible spectral
region, a silicon-based CCD camera can be used as the
detector. For example, a frame transfer, 1088x1088-pixel
CCD chip with a pixel size of 12x12 mm can be used as the
detector. An attractive feature of this CCD is its low dark
current at relatively high temperatures (typically below 50
pA/em?® at 25° C.).

In some embodiments, Raman point counting is the
procedure used to study rocks. In this procedure, a number
of sequential Raman spectra (e.g. 100) is taken along a linear
traverse on the surface of a rock. Each Raman spectrum
obtained will contain the peaks of the minerals excited by
the excitation laser beam. Mineral proportions can be esti-
mated from the frequency of appearance of the Raman
spectrum of each mineral in the set of spectra. For example,
if plagioclase is observed at 40 out of 100 points, then the
rock contains <40% plagioclase (in some cases, more than
one mineral will fall within the excitation volume). To a first
approximation, it is possible to claim 40+£6% plagioclase.
Such an estimate is usually adequate for rock classification,
for which both mineral proportions and mineral grain size
are needed. Grain size is inferred to be large if a sequence
of points in a scan give spectra of the same mineral and the
cation ratio is constant or varies monotonically across the
sequence. The proportion of a trace phase cannot be well
determined from a 100-point scan; the trace phase can show
up more often or less often than its actual proportion in the
rock, or it can be missed all together. The frequency with
which a trace phase is observed depends on its Raman
scattering cross section and on its proportion in the rock or
soil, its grain size, and the uniformity of its dispersion. In
addition, cation ratios of olivine, pyroxene, and some oxide
minerals can be obtained from the spectra, and these provide
further information about the origin and alteration of the
rocks.

Obtaining this information by Raman point counting
requires that a high fraction of the spectra from a point
counting traverse have detectable Raman peaks. In some
cases, spectra without detectable peaks occur for two general
reasons. In one case, the Raman scatterers yield such a low
level of counts that no spectral peak rises above the spectral
background noise. This situation most often occurs when the
focal plane of the laser beam is offset by several millimeters
from the sample surface or when the sample is very dark and
there is strong absorption of the laser beam. This problem
can often be remedied by increasing the integration time to
minutes. In the other case, the spectrum has such a high
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background that the noise masks the Raman peaks. This
usually occurs because the laser has excited a highly fluo-
rescent substance. These spectra are not uninformative,
however. Many organic residues encountered in rocks or
soils yield high fluorescence, which means that fluorescence
is an indicator that such material might be present. Some
mineral phases are also fluorescent, and some of these
minerals have narrow fluorescent spectral lines that are
diagnostic of the particular element (especially the rare earth
elements). Inorganic fluorescence from Mn and Fe are
common and give broad peaks. The central location of such
broadband fluorescent backgrounds, both organic and inor-
ganic in origin, and seen mainly in some carbonates and
feldspar, provides information about the origin and history
of the host rock.

In most cases, it is more difficult to obtain good spectra
from minerals in rocks than from separated, individual
mineral grains. Surfaces of rocks are rough, sizes of mineral
grains may be small, the laser beam reflects from internal
mineral boundaries as well as from the surface of the rocks,
and fluorescent phases may be present. These factors all
reduce the strength of the Raman signals or increase back-
ground.

As noted above in the present disclosure, the optical
design of a Raman probe, in some embodiments, can pro-
vide a depth-of-sampling field of millimeters. In conjunction
with that aspect of the optical design, a high overall level of
system light throughput is needed because the Raman sig-
nals from off-focus measurements are weaker than those
taken near the focus. This can be an issue for intrinsically
weak Raman scatterers rather than for strong ones, and the
maximum off-focus distance for detecting weak scatterers is
thus shorter than that for strong scatterers. An important
factor that affects the distance for off-focus detection of a
mineral is the nature of the matrix in which it resides and the
grain size of that matrix. Off-focus measurements sample a
larger area than on-focus measurements, and in a fine-
grained material, off-focus measurements can involve
Raman signal from several grains rather than just one or two.
Thus, if the target is far enough out of focus, only strong
scatterers may be detected even when a weak scatterer is
within the illuminated volume. If at a particular location a
strong scatterer is observed to have a weaker peak intensity
than is common at other locations on the target, the location
from which that spectrum was obtained may be significantly
off focus. Also, if the matrix has a high level of fluorescent
emission, or if the matrix is a strong absorber of the
excitation laser wavelength, the Raman emission from a
particular mineral grain in the matrix could be missed when
a large area of matrix gets sampled in an off-focus measure-
ment.

In certain applications, such as for example geophysical
application, the fluorescence cross section is greater than the
Raman cross section. As known to the person skilled in the
art, fluorescence is the radiation due to a shift in energy level
of electrons due to the emission of energy previously
absorbed by the excitation photons. Raman signals are
irradiated as a relatively small shift in the excitation wave-
length and the Raman energy of the signal is proportional to
that projected by the excitation laser. Therefore, the signal
from the shifted peaks may not be clearly visible, due to
noise, when super-imposed with the fluorescence signal.

To obviate the difference in power between the Raman
and fluorescence signals, a multimodal multiplex Raman
spectrometer which uses multi-wavelength excitation can be
used to better detect Raman signals in the presence of
fluorescence by taking advantage of the shift-variance of the
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Raman signal with respect to excitation frequency, for
example as described by McCain et al., Multimodal multi-
plex Raman spectroscopy optimized for in vivo chemomet-
rics, Biom. Vibr. Spectr. III: Adv. In Research and Industry,
Proc. of SPIE vol. 6093, 2006, the disclosure of which is
incorporated herein by reference in its entirety. The signal
collected from the multi-wavelength excitation can be pro-
cessed to extract the Raman signal from the combined signal
sources collected from the sample (comprising also the
fluorescence signal). For example, statistical regression can
be used. In some embodiments, partial least square regres-
sion or least square regression can be used. The shot noise
due to fluorescence does not appear in the Raman signal,
which is an advantage. As known to the person of ordinary
skill in the art, the excitation wavelength used by McCain et
al. could not be applicable to rocks, therefore a shorter
wavelength must be used, such as green light wavelength as
described herein. However, single mode laser sources are
not common. Therefore, the present disclosure describes the
use of a frequency doubling laser.

As known to the person of ordinary skill in the art, the
second harmonic generation (also referred to as frequency
doubling) is a nonlinear optical process, in which photons
with the same frequency interacting with a nonlinear mate-
rial can generate new photons with twice the frequency of
the initial photons. For example, a birefringent crystal can be
used. As known to the person of ordinary skill in the art,
birefringence is the optical property of a material having a
refractive index that depends on the polarization and propa-
gation direction of light. These optically anisotropic mate-
rials are birefringent. A doubling crystal rotates the modes of
the laser.

As described in the present disclosure, a multi-wave-
length Raman spectroscopy setup is combined with a fre-
quency doubling laser. This device enables statistical analy-
sis of the collected signal, thus enabling the separation of the
Raman signal from other signals such as the fluorescence
signal. In some embodiments, a diode laser can be used
coupled with a birefringent crystal that doubles the laser
frequency to obtain green light. The green light is applied to
the sample through a multi-wavelength Raman spectroscopy
set up.

In some embodiments, the birefringent crystal is rotated
in order to obtain a plurality of wavelengths to use in the
multi-wavelength Raman spectroscopy set up. In this set up,
the polarized light transmitted through the crystal rotates in
a sinusoidal pattern. For example, a Lyot filter can be used.
A Lyot filter is a type of optical filter that uses birefringence
to produce a narrow passband of transmitted wavelengths. In
some embodiments, the Lyot filter comprises one or more
birefringent plates. The polarization state of light with a
certain wavelength will be changed as it is transmitted
through one of the plates, and this causes a loss of optical
power as the light is transmitted through the next plate. For
certain wavelengths, however, the optical path length dif-
ference is an integer multiple of the wavelength, so that the
losses are very small. By rotating the plates, it is possible to
shift the wavelengths of the transmission peaks.

In some embodiments, an electrically tunable liquid can
be inserted between the birefringent plates to electrically
control the Lyot filter. In other embodiments a change in
temperature can be used, which can in turn change the
sinusoidal modulation of the birefringent crystal filter, and
therefore sweep the laser along multiple wavelengths. This
effect is possible due to the temperature dependence of the



US 10,048,130 B2

9

refractive index of the crystal. For example, a heater can be
placed on the birefringent crystal in order to control its
temperature.

Therefore, in some embodiments, a frequency doubling
laser (for example a green laser) is used in conjunction with
a birefringent crystal (for example a Lyot filter), in order to
obtain a plurality of wavelength that can be applied to a
sample to enable a multi-wavelength analysis of the Raman
signal.

As discussed above, Raman spectroscopy allows the
analysis and detection of different samples. However, fluo-
rescence produced by elastic scattering and stray light can
obscure the Raman signal. As known to the person of
ordinary skill in the art, and as discussed by McCain et al.
as cited above, shifted excitation Raman difference spec-
troscopy (SERDS) may be used to reduce interference from
fluorescence and stray light by shifting the frequency of a
laser light that is incident on a sample. The Raman bands are
generally shifted in response to a shift in excitation fre-
quency, while the broad background fluorescence and stray
light are generally much less affected by the excitation
frequency shift. Exemplary dual wavelength spectra cap-
tured with SERDS are illustrated in FIG. 5. The correspond-
ing SERDS difference spectrum is illustrated in FIG. 6. FIG.
7 illustrates an example of how to distinguish between
Raman and fluorescence signals using SERDS. The Raman
peaks (705, 715, 720) are shifted for the two different
excitation wavelengths, while the fluorescence peak (710) is
not shifted.

Shifted excitation Raman difference spectroscopy gener-
ally involves a subtraction of two spectra obtained from two
different excitation frequencies. The subtraction can result in
a derivative spectrum that may reduce the background and
fluorescence spectra thus allowing enhanced detection of the
Raman signal. Shifted excitation Raman difference spectros-
copy may not sufficiently reduce fluorescence and stray light
in all environments. A spectral impulse response can be used
to make a mathematical distinction between a non-Raman
signal and the Raman signal. Both spectral components
include sub-components that are linear and non-linear with
respect to the exciting wavelengths. However, the linear
components are generally stronger than the non-linear com-
ponents. The linear terms are described by an impulse
response. The non-Raman spectrum can be assumed to be
constant for small shifts in excitation wavelength.

The distinguishing feature of the Raman and the non-
Raman signals is that the Raman impulse response is typi-
cally shift invariant in the exciting field, while the non-
Raman impulse response is not shift invariant. The term
“shift invariant” means that the Raman impulse response is
a function only of the difference between the observed
frequency and the exciting frequency (McCain et al.).

McCain et al. uses the excitation spectrum of an array of
lasers to shift the measured Raman spectra. These spectra
can then be summed, and PLS-regression used to determine
which portions of the signal correspond to the molecule of
interest. By shifting the spectra, the Raman peaks will
overlap and add, whereas any non-Raman signals will be
distributed among many spectral channels thus making the
estimation more robust against unknown interferents.

In the present disclosure, in some embodiments, instead
of an array of lasers having different wavelengths, the same
laser is used to produce different wavelengths. In some
embodiments, a green frequency doubling laser is swept by
modulating the birefringent crystal, thus producing a plu-
rality of wavelengths.
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For example, a single frequency, tuneable diode pumped
Nd:YVO,/YVO,/KTP microchip laser operating at 532 nm
can be used, as described by Sotor et al., Single-longitudinal
mode Nd:YVO4/YVO4/KTP green solid state laser, Opto.
Electron. Rev., 18, no. 1, 2010, the disclosure of which is
incorporated herein by reference in its entirety. In some
embodiments, the single frequency operation can be
obtained with a birefringent filter, where an YVO, beam
displacer acts as an ideal polarizer. This type of laser has a
single frequency operation, and is tuneable over 0.6 nm in
the spectral range around 1064 nm. The laser can operate
with output power of 110 mW at 53 nm. The total optical
efficiency (808 nm to 532 nm) can be 14%. Other types of
single mode frequency doubling lasers may also be used.

An exemplary Nd:YVO,/YVO,/KTP laser is illustrated in
FIG. 2, where the Nd:YVO, (205), YVO, (210), and KTP
(215) components are illustrated. The exemplary laser com-
prises a Lyot filter that enables single mode operation. The
Lyot filter can be modulated to sweep the wavelength and
operate the multi-wavelength Raman spectroscopy set up.

In other embodiments, a dual laser setup may be used, for
example with a green laser and a red laser. In some embodi-
ments, both lasers may be modulated for producing multiple
wavelengths, or the two lasers may be used in conjunction
to enable Raman spectroscopy based on the difference of
two Raman spectra taken at each wavelength of each laser.
In some application this simpler technique may be useful,
however it doubles the noise associated with the Raman
signal, due to the difference operation.

FIG. 3 illustrates an exemplary Raman spectrometer
operation, with a line scanning method. A point counting
methodology is illustrated, for characterizing rock samples
using a dual-band multiplexed holographic transmission
grating. Measurements are taken along a line (305). Exem-
plary results are plotted (310).

According to the present disclosure, FIG. 4 illustrates an
exemplary optics set up for a Raman spectrometer with light
field imaging. Light field imaging can provide, in some
embodiments, a greater that 6xincrease in depth of field with
the same f number. The Raman microbeam spectrometer can
operate without autofocus. Different embodiments may
comprise changes in the optics set up, for example a lens
may be a single lens or comprise a plurality of smaller lenses
to accomplish a similar function.

In FIG. 4, a laser (405), such as a frequency doubling
green laser, is the source of light. The laser beam is
expanded through a first (410) and second (415) lenses. The
expansion of the beam allows greater focusing onto the
sample (475). The beam will be larger at the sample (475)
if the beam exiting the laser (405) is less expanded by lenses
(410) and (415). In other words, the bigger the beam is at
lens 415), the smaller the beam will be at lens (420). The
laser beam is reflected by a first dicroic beam splitter (DBS,
455). The transmission spectrum for the splitter (455) is
illustrated in (490). A narrow band around the green laser
wavelength of 532 nm is reflected by the splitter (455). The
person of ordinary skill in the art will understand that if the
wavelength of the laser is changed from 532 nm, the optics
characteristics would be adjusted accordingly, for example
by adjusting the reflection band in the splitter (455) accord-
ing to the wavelength of the laser (405).

Continuing from splitter (455), the laser light is reflected
again at the second dicroic beam splitter (450). The trans-
mission spectrum for the splitter (450) is illustrated in (485).
The spectrum (485) allows the reflection of the laser at 532
nm to impinge on sample (475), while allowing transmission
of the shifted Raman signal originating from the sample
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(475). Lens (420) both focuses the laser beam on the sample,
and collects the measured signal off the sample. The shifter
Raman signal then is transmitted through splitter (450) and
lens (425). Continuing from lens (425), a split (460) can be
used, and then another lens (430), with the Raman signal
continuing through a multiplexed holographic grating (436)
to be focused by a lens (435) onto a CCD (465). The grating
(436) and lens (435) can be adjusted in order to have a
wavelength separation spatially separated onto the size of
the CCD detector (465). The wavelengths can be spread out
to adjust to the dimensions of the detector, so that sufficient
resolution is achieved. In this way, not all wavelengths are
concentrated onto the same pixel or spot in the detector,
thereby increasing its resolution. The color dispersion is
carried out through the grating (436). The spectral range is
adjusted to the “length” of the detector. For example, the
green light might be on one end of the detector, and the red
light on the opposite end, with a graduation of wavelengths
inbetween. A similar adjustment can be carried out for
detector (470).

In some embodiments, an LED ring (480) can be present
around the sample (475). The ring is made of LEDs that
illuminate the sample. The wavelength of the LEDs light is
different to that of the green excitation laser, for example
with a shorter wavelength, such as 470 nm. The LED light
collected from the sample through lens (420) is reflected by
splitter (450), since it is at a shorter wavelength than its
transmission band in (485). This LED light continues to
splitter (455) to lens (440) which focuses the light onto a
lenslet array (445) and then onto detector (470).

The lenslet array captures a light field image as described
below. In some embodiments of the present disclosure, a
plenoptics or light field camera can be used. As known to the
person of ordinary skill in the art, a light field camera (or
plenoptic camera) captures information about the intensity
of light and also about the direction of the light. For
example, a light field camera may use an array of micro-
lenses placed in front of a conventional image sensor to
sense intensity, wavelength, and directional information.
Other light field cameras can comprise a multi-camera array.
By using a light field camera to image a sample, it is possible
to obtain an image that stores information to be used at a
later time. For example, if at a later time it may be necessary
to focus on a certain part of the image, the image captured
with a light field camera can enable that.

In some embodiments, the light field camera can be
combined with the Raman spectroscopy set up described
above, in order to store the Raman signal of a sample and
focus on different parts of the sample at a later time. An
advantage of a light field camera combined with the multi-
wavelength is the possibility of enabling Raman spectros-
copy without moving parts. In this embodiment, the focus of
the Raman spectroscopy image is on the whole sample, such
as a rock. Multiple planes are captured through the use of
software, enabling focusing on different parts of a sample,
such as a rock, at a later time. In this way, data captured in
the past can be analyzed again in future for purposes that
were not determined at the time of capture. The data can thus
be more useful in the long term.

In some embodiments, the Raman signal is captured with
a center focus through detector (465), while the lenslet array
captures the LED light through detector (470). The use of an
array of lenslet allows the capture of an image with a greatly
increased depth of field. Each lenslet of the array captures a
portion of the total image. The images from each lenslet can
be combined to obtain a total image of the sample. This total
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image can be focused on different portions of the sample by
manipulation of the different image components captured by
each lenslet.

For example, the image may be focused on the top right
part of the sample, and at a subsequent time the image may
be refocused on the bottom right part of the sample. This
technique is possible thank to the depth of field captured by
the lenslet array compared to the limited depth of field
captured by a single lens. The single lens will necessarily
limited to a certain depth of field, reduced compared to that
captured by a lenslet array.

The array of lenslets can be customized to allow the
implementation of different light fields. For example, in one
type of light field, the lenslets have a diameter of about 30
micrometers, for example between 20 and 50 micrometers.
This type of array may be susceptible to vignetting, but for
most types of application, such as rock imaging, this down-
side is not too important. The advantage of this type of light
field is the increased light capture efficiency, and increased
depth of field, with an acceptable decrease in resolution.

A second type of light field employs lenslet of increased
diameter, such as 250 micrometers, for example between
240 and 260 micrometers. This second type of light field has
an increased resolution compared to the first type of light
field with smaller diameter lenslets. The array of lenslets, in
both types, comprises a plurality of lenslet adjacent to each
other, to cover a plane sufficient to capture the light incom-
ing from the remaining optical elements. The lenslet array
can be termed a context imager. The context imager forms
a composite image with the light information collected by
each lenslet in the array. The context imager allows demag-
netification of a sample image, and a subsequent increase in
depth of field.

FIG. 8 illustrates an embodiment alternative to that of
FIG. 4. The optical elements of FIG. 8 are similar to those
of FIG. 4 and their description is not repeated as it will be
readily understood by the person of ordinary skill in the art.
Differences comprise the use of an additional, second laser
(810) for the implementation of SERDS. For example, laser
(810) will be in red light, while the other laser (811) would
be in green light. In some embodiments, one or both of the
lasers can be modulated in wavelength as described above in
the present disclosure, to allow multi-wavelength techniques
more complex than the simple SERDS technique.

To collect Raman signals in this embodiment a triplexed
holographic grating (805) can be used. The filters used in
this embodiment comprise filters (812, 815, 820), whose
transmission bands can be adjusted according to the wave-
length of the excitation lasers. For example, for a green laser
with a wavelength of 532 nm and a red laser with a
wavelength of 670 nm, filter (812) can have the transmission
band (825), which reflects both excitation wavelengths.
Filter (815) can have the transmission band (830), which
allows reflection of the green light, and filter (820) can have
the transmission band (835), which allows reflection of the
red light. In some applications, using only green light can be
disadvantageous since the fluorescence signal may be very
intense. In this cases, the use of a second laser, such as a red
laser, may allow the removal of the fluorescence signal.

As known to the person of ordinary skill in the art, the
Raman interaction leads to two possible outcomes: the
material absorbs energy and the emitted photon has a lower
energy than the absorbed photon (Stokes Raman scattering),
or the material loses energy and the emitted photon has a
higher energy than the absorbed photon (anti-Stokes Raman
scattering). At low temperatures, Stokes scattering is pre-
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dominant and may be at a wavelength of 535-675 nm with
a 532 nm excitation wavelength.

As known to the person of ordinary skill in the art,
geological samples are best analyzed using green excitation.
However, due to high levels of laser induced fluorescence
(LIF) often encountered using visible wavelength laser
excitation, organic compounds are generally best identified
using near-infrared Raman excitation. In some embodi-
ments, a dual laser setup can be employed, for example with
a green laser at 532 nm and a laser at 785 nm.

Since LIF and Raman spectra frequently occur together in
mineral samples, shot noise associated with a strong LIF
spectral background can overwhelm weaker Raman peaks.
To deal with Raman-confounding LIF, a dual laser set up can
employ two strategies: (1) use of a longer excitation wave-
length laser (785 nm) whose photons often have insufficient
energy to induce the electronic excitation necessary to
produce LIF and (2) the use of lasers that can be step tuned
(over 1-2 nm) about their nominal (532 nm or 785 nm)
operating wavelengths.

Serially shifted excitation (SSE) of the laser wavelength
produces corresponding wavelength shifts in the Raman
spectra with respect to shift-invariant LIF spectra. The set of
excitation wavelengths used, together with the sample spec-
tra collected at each shift, may be expressed as a linear
system of equations. These can be solved for the pure Raman
and fluorescence components. Shot noise from LIF is math-
ematically removed from the Raman component and lumped
with the LIF component.

Since the dual laser set up as described above in the
present disclosure uses low power CW laser excitation,
thermal heating effects are minimized over any Raman
system using pulsed light to deliver the equivalent amount of
energy to the sample over the same time period. Unlike
Raman architectures using UV laser excitation, the dual
laser set up uses visible and NIR excitation to provide
photons with energies below the binding energies of most
organic molecules thereby preventing sample degradation.
Thus the dual laser set up represents a Raman instrument
with broad utility that bridges the gap between instruments
best suited for geologically or astrobiologically-based inves-
tigations. Each of the dual lasers may be step tuned to vary
their wavelength and allow serially shifted excitation and
correspondingly shifted Raman spectra.

As described above, if the excitation frequency of the
laser is shifted slightly, the Raman active vibrational modes
of'the sample remain unchanged, so the absolute frequencies
of the Raman scattered light will shift as well. The situation
with fluorescence is markedly different. Fluorescence of a
molecule with appreciable yield nearly always occurs at the
lowest excited state. Consequently if the excitation wave-
length changes slightly and the sample is fluorescing, the
spectrum will essentially remain unchanged.

Serially shifted excitation (SSE) is derived from shifted
excitation Raman difference spectroscopy (SERDS).
SERDS simply involves subtracting an initial raw laser
excitation spectra from another raw spectra acquired at a
slightly shifted wavelength. The fluorescence from each
acquisition subtract to zero, while a derivative-like Raman
difference spectra is preserved. The Raman spectra can be
recovered from the SERDS pseudo-derivative Raman spec-
trum though the use of curve fitting, Fourier deconvolution,
or discrete integration. However curve-fitting is limited to
simple spectra, deconvolution can amplify noise, and dis-
crete integration can lead to a broadening of the Raman
features and a sloping baseline. While SERDS can be
employed in situations where fluorescence is not too severe,
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shot noise inherent in the fluorescence spectral component is
equal to the square root of the number of photons collected
within each of the spectrometer’s spectral resolution bands.
Therefore if a Raman peak of interest is smaller than the
square root of the number of photons of the fluorescence
spectrum in the corresponding spectral band, no meaningful
recovery of the peak can be produced by employing SERDS.

The operating principals of SSE are based on observing
changes that occur to the raw acquired spectra when the
excitation frequency is increased incrementally by the same
offset, in serial fashion. Mathematically the set of raw
spectra acquired will contain sequentially shifted Raman
components each summed with an un-shifted fluorescence
spectral component.

Rather than using just two excitation frequencies like
SERDS, the SSE methodology uses K excitation frequencies
(K=23) to collect and then process K raw spectra to “solve”
for the individual LIF and Raman spectral components
within the raw spectrum. Recognizing that the Raman com-
ponents within the raw spectrum acquired will be shifted in
frequency the same amount as the laser, and that the fluo-
rescence components will all be shift invariant, allows the
problem to be formulated in terms of the linear algebraic
equation HS=R, where S is the solution vector containing
the desired fluorescent and Raman components and R con-
tains the set of acquired raw spectra collected at each of the
K-1 shifts in laser excitation frequency, and H is an operator
matrix. The elements of H consist of entirely zeros and ones
in the form of partitioned square submatrices. The subma-
trices of H multiply the Raman and fluorescence solution
vector elements such that they map and sum with the
appropriate frequency shift in direct correspondence with
those components contained (but hidden) inside the set of
acquired raw spectra in R. An expectation-maximization
solution can be found, as described by McCain at al. (cited
above). SSE (unlike SERDS) always provides better signal
to noise ratio when compared to conventional Raman for a
given energy of exposure to the sample.

An improved algorithm is described by Cooper et al.
Cooper I, et al., “Sequentially shifted Raman spectroscopy:
Novel algorithm and instrumentation for fluorescence-free
Raman spectroscopy in spectral space”, Applied Spectros-
copy 67 (8), pp. 973-984, 2013, the disclosure of which is
incorporated herein by reference in its entirety. Cooper’s
optimized algorithm requires estimates of the Raman and
fluorescence spectra to initialize the algorithm. The initial
estimate of the Raman signature is obtained by taking the
maximum of the SSE spectra collected since this enhances
the peaks within the ensemble which are presumed to be
Raman peaks for purposes of this initial guess. Similarly the
initial estimate of the fluorescence signature is obtained by
taking the minimum of the SSE spectra collected.

One large advantage of SSE over SERDS is in reduction/
elimination of shot noise in the Raman component. Shot
noise with SERDS actually increases by a factor of the
square root of 2 over the raw signal. With SSE, shot noise
does not shift as the laser frequency is changed, and there-
fore its contribution is mapped into the fluorescence com-
ponent.

In some embodiments, a monolithic AlGaAs quantum
well laser can be used for generating a tunable light source
in the 785 nm regime. This laser can incorporate a mono-
lithic distributed Bragg reflector into its structure in a
hermetically sealed package. In some embodiments, the
intracavity KTP crystal of the green laser described above
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provides a convenient tool for temperature tuning the laser
based on the Lyot filter effect for implementing both SERDS
and SSE methods.

FIG. 9 illustrates an exemplary LED ring as discussed
above with reference to FIG. 4. In some embodiments, LEDs
may have a wavelength of 470 nm (905) and comprise
filters. This set up can allow Raman and context images to
be collected at the same time. In some embodiments, addi-
tional LEDs may have a different wavelength, such as 275
nm (910)—these LEDs may also comprise filters. A slit
holder (915) may also be part of the optical elements. In
some embodiments, the slit holder may be positioned at the
probe head site for a more robust performance. The sample
position (920) is also illustrated. Other embodiments may
comprise LEDs in a different number and position. In some
embodiments, the dual length LED illumination system,
comprising LEDs at two different wavelengths, may trans-
late with the context imager and Raman fore optics.

In some embodiments, the green laser has a wavelength of
532 nm, and the second laser has a wavelength between 660
nm and 790 nm. In some embodiments, the LED light is
smaller than 532 nm, for example between 450 and 250 nm.

A number of embodiments of the disclosure have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the present disclosure. Accordingly, other
embodiments are within the scope of the following claims.

The examples set forth above are provided to those of
ordinary skill in the art as a complete disclosure and descrip-
tion of how to make and use the embodiments of the
disclosure, and are not intended to limit the scope of what
the inventor/inventors regard as their disclosure.

Modifications of the above-described modes for carrying
out the methods and systems herein disclosed that are
obvious to persons of skill in the art are intended to be within
the scope of the following claims. All patents and publica-
tions mentioned in the specification are indicative of the
levels of skill of those skilled in the art to which the
disclosure pertains. All references cited in this disclosure are
incorporated by reference to the same extent as if each
reference had been incorporated by reference in its entirety
individually.

It is to be understood that the disclosure is not limited to
particular methods or systems, which can, of course, vary. It
is also to be understood that the terminology used herein is
for the purpose of describing particular embodiments only,
and is not intended to be limiting. As used in this specifi-
cation and the appended claims, the singular forms “a,”
“an,” and “the” include plural referents unless the content
clearly dictates otherwise. The term “plurality” includes two
or more referents unless the content clearly dictates other-
wise. Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure pertains.

What is claimed is:

1. A device comprising:

a first laser to emit a first laser light at a first wavelength;

a plurality of LEDs to emit LED light at a second
wavelength different from the first wavelength;

a plurality of optical elements to convey the first laser
light from the first laser onto a sample and collect a
Raman shifted light and the LED light from the sample;

a Raman detector to collect the Raman shifted light; and

a context imager detector to collect the LED light,

wherein:
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the first laser is a frequency doubling green laser com-
prising a birefringent crystal to modulate the first
wavelength,

the birefringent crystal is a Lyot filter,

the plurality of optical elements comprises:

first, second, third, fourth, fifth, sixth and seventh
lenses;
first and second dicroic beam splitters;
a multiplexed holographic grating;
a split;
first and second detectors; and
a lenslet array,
the first and second lens are to transmit the first laser light
from the first laser to the first dicroic beam splitter,
the first dicroic beam splitter is to reflect the first laser
light to the second dicroic beam splitter and transmit
the LED light from the second dicroic beam splitter to
the seventh lens,
the second dicroic beam splitter is to reflect the first laser
light from the first dicroic beam splitter to the third lens
and transmit the Raman shifted light from the third lens
to the fourth lens,

the third lens is to focus the first laser light from the

second dicroic beam splitter to the sample and collect
the Raman shifted light from the sample,

the fourth lens is to transmit light through the split to the

fifth lens,

the multiplexed holographic grating is to refract the

Raman shifted light from the fifth lens to the sixth lens,
the sixth lens is to focus the Raman shifted light onto the
Raman detector,

the seventh lens is to focus the LED light onto the lenslet

array, and

the lenslet array is to focus the LED light onto the context

imager detector.

2. The device of claim 1, wherein the lenslet array
comprises lenslets having a diameter between 20 and 40
micrometers.

3. The device of claim 1, wherein the lenslet array
comprises lenslets having a diameter between 240 and 260
micrometers.

4. The device of claim 2, wherein the Raman detector is
a charged coupled device.

5. The device of claim 4, wherein at least one of the first,
second, third, fourth, fifth, sixth and seventh lenses com-
prises a plurality of composite lenses.

6. The device of claim 4, further comprising a second
laser to emit a second laser light at a third wavelength
different from the first and second wavelengths.

7. The device of claim 6, wherein the second laser is a red
laser.

8. The device of claim 7, wherein the first wavelength is
532 nm, the second wavelength is between 450 and 250 nm,
and the third wavelength is between 660 nm and 790 nm.

9. The device of claim 8, further comprising a heater to
control a temperature of the Lyot filter, thus modulating the
wavelength of the first laser.

10. A method comprising:

emitting a first laser light at a first wavelength by a first

laser, the first laser being a frequency doubling green
laser comprising a birefringent crystal to modulate the
first wavelength;

emitting LED light at a second wavelength different from

the first wavelength by a plurality of LEDs;

by a plurality of optical elements, conveying the first laser

light from the first laser onto a sample and collecting a
Raman shifted light and the LED light from the sample;
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detecting the Raman shifted light by a Raman detector;

detecting the LED light by a context imager detector;

sweeping the first wavelength through a wavelength range
in a plurality of first wavelength steps, by modulating
the birefringent crystal in the first laser;

detecting the Raman shifted light at each wavelength step;

and

deriving a Raman spectrum for the sample from the

detected Raman shifted light at each wavelength step,
wherein:

the birefringent crystal is a Lyot filter,

the plurality of optical elements comprises:

first, second, third, fourth, fifth, sixth and seventh
lenses;
first and second dicroic beam splitters;
a multiplexed holographic grating;
a split;
first and second detectors; and
a lenslet array,
the first and second lens are to transmit the first laser light
from the first laser to the first dicroic beam splitter,
the first dicroic beam splitter is to reflect the first laser
light to a second dicroic beam splitter and transmit the
LED light from the second dicroic beam splitter to the
seventh lens,
the second dicroic beam splitter is to reflect the first laser
light from the first dicroic beam splitter to the third lens
and transmit the Raman shifted light from the third lens
to the fourth lens,

the third lens is to focus the first laser light from the

second dicroic beam splitter to the sample and collect
the Raman shifted light from the sample,

the fourth lens is to transmit light through the split to the

fifth lens,

the multiplexed holographic grating is to refract the

Raman shifted light from the fifth lens to the sixth lens,
the sixth lens is to focus the Raman shifted light onto the
Raman detector,

the seventh lens is to focus the LED light onto the lenslet

array, and

the lenslet array is to focus the LED light onto the context

imager detector.

11. The method of claim 10, further comprising emitting,
by a second laser, a second laser light at a third wavelength
different from the first and second wavelengths.

12. The method of claim 11, wherein detecting the Raman
shifted light comprises taking a difference between a Raman
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spectrum detected while emitting first laser light and a
Raman spectrum detected while emitting the second laser
light.
gl113. The method of claim 11, further comprising:
sweeping the third wavelength through a wavelength
range in a plurality of third wavelength steps, by
modulating a birefringent crystal in the second laser;
detecting the Raman shifted light at each third wavelength
step; and

deriving a Raman spectrum for the sample from the
detected Raman shifted light at each first and third
wavelength step.

14. The method of claim 10, wherein the first wavelength

is 532 nm.

15. The method of claim 13, wherein the first wavelength

is 532 nm, the second wavelength is between 450 and 250
nm, and the third wavelength is between 660 nm and 790
nm.
16. The method of claim 10, further comprising focusing
an image of the sample at a desired point of the sample by
processing the LED light captured by the lenslet array.

17. A device comprising:

a first laser to emit a first laser light at a first wavelength;

a plurality of LEDs to emit LED light at a second
wavelength different from the first wavelength;

a plurality of optical elements to convey the first laser
light from the first laser onto a sample and collect a
Raman shifted light and the LED light from the sample;

a Raman detector to collect the Raman shifted light; and

a context imager detector to collect the LED light,

wherein:

the first laser is a frequency doubling green laser com-
prising a birefringent crystal to modulate the first
wavelength,

the plurality of optical elements comprises:
at least one lens;
first and second dicroic beam splitters; and
a lenslet array;

the first dicroic beam splitter is to reflect the first laser
light to the second dicroic beam splitter and transmit
the LED light from the second dicroic beam splitter to
the at least one lens,

the at least one lens is to focus the LED light onto the
lenslet array, and

the lenslet array is to focus the LED light onto the context
imager detector.
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