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Abstract

A new hyperspectral Raman imaging technique is described using a spatial heterodyne Raman spectrometer (SHRS) and a
microlens array (MLA). The new technique enables the simultaneous acquisition of Raman spectra over a wide spectral
range at spatially isolated locations within two spatial dimensions (x, y) using a single exposure on a charge-coupled device
(CCD) or other detector types such as a complementary metal-oxide semiconductor (CMOS) detector. In the SHRS
system described here, a 4 x 4 mm MLA with 1600, 100 pm diameter lenslets is used to image the sample, with each lenslet
illuminating a different region of the SHRS diffraction gratings and forming independent fringe images on the CCD. The
fringe images from each lenslet contain the fully encoded Raman spectrum of the region of the sample “seen” by the
lenslet. Since the SHRS requires no moving parts, all fringe images can be measured simultaneously with a single detector
exposure, and in principle using a single laser shot, in the case of a pulsed laser. In this proof of concept paper, hyper-
spectral Raman spectra of a wide variety of heterogeneous samples are used to characterize the technique in terms of
spatial and spectral resolution tradeoffs. It is shown that the spatial resolution is a function of the diameter of the
MLA lenslets, while the number of spatial elements that can be resolved is equal to the number of MLA lenslets
that can be imaged onto the SHRS detector. The spectral resolution depends on the spatial resolution desired, and
the number of grooves illuminated on both diffraction gratings by each lenslet, or combination of lenslets in cases
where they are grouped.
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Introduction fiber coupled Raman, spatially offset Raman, and Raman

The spatial heterodyne Raman spectrometer (SHRS) is a
fixed grating, Fourier transform interferometer with high
light throughput, a wide field of view (FOV), and high spec-
tral resolution. Unlike conventional, dispersive grating-
based spectrometers, the resolving power of the SHRS is
not strongly dependent upon entrance aperture size.
The SHRS also has no moving parts, and SHS emission
spectrometers have been built using monolithic optical
techniques, which makes the system robust and tolerant
of vibrations.! The large acceptance angle of the SHRS
makes it amenable to applications involving the collection
of light from diffuse sources, or for remote Raman at inter-
mediate ranges2 where image jitter can affect the reprodu-
cibility when using a slit-based spectrometer.®> Applications
such as remote Raman, transmission Raman, micro-Raman,

imaging may benefit from the larger viewing area of the
SHRS. This paper describes an innovative way to perform
two-dimensional (2D) Raman chemical imaging using the
SHRS, which takes advantage of the large viewing area of
the SHS.

Raman imaging is useful to characterize heterogeneous
materials by measuring chemical properties in multiple spa-
tial dimensions.* A Raman image can be 2D, where the
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intensity of a single Raman band is mapped across the heter-
ogenous sample, or hyperspectral, where multiple Raman
band intensities are acquired for each spatial point on the
sample. Early Raman microprobes were scanning instru-
ments, where the laser mapped the sample surface to gen-
erate the hypercube of data, either point-by-point or by line
scanning the laser across the sample.’ For point-by-point
scanning, the laser is focused to a small spot and the sample
is raster scanned through the laser beam, collecting the
entire Raman spectrum at each point.® In line scanning,
the laser is focused to a thin line, using cylindrical optics.
The illumination line on the sample is parallel to the
entrance slit of a dispersive spectrometer so that a
Raman spectrum is acquired on each row of a 2D array
detector.” Wide field Raman imaging measures all points on
the sample simultaneously using an expanded laser spot,
while a single Raman band is measured using a tunable
filter to acquire a 2D Raman image. The hyperspectral
image is built up by measuring Raman images as the filter
is tuned to different wavelengths corresponding to Raman
bands. Various types of filters have been used in this
method, including dielectric filters, acousto optic, and
liquid crystal tunable filters.®'® Fiber optic arrays have
been used for hyperspectral Raman imaging, where spatial
and spectral information were simultaneously acquired.
However, the number of spatial points demonstrated
using a fiber array is low and the fiber fill factor is also low.'”

Here, we describe a new hyperspectral Raman imaging
technique using a microlens array (MLA) in a confocal ima-
ging arrangement with an SHRS. The MLA is an array of
microlenses, with diameters ranging from 10 um to 2 mm,
where each views a different spot on the sample. The use of
MLAs for confocal microscopy has been described previ-
ously; Dwight and Tkaczyk reported fluorescence micros-
copy using an MLA with a prism to collect fluorescence data
with ~20 nm spectral resolution.'® This technique has not
previously been applied to Raman. The MLA-SHRS instru-
ment described in this paper allows the measurement of a
hyperspectral Raman image, covering the entire Raman fin-
gerprint range (e.g., ~2500cm™') in a single measurement.
In this proof of concept paper, approximately 550 spatially
isolated Fizeau fringe patterns are simultaneously imaged;
our data indicate that many thousands of points (e.g.,
~10000) can be simultaneously imaged while maintaining
a large spectral range, in an optimized instrument.

Experimental
lllumination

The sample was excited by a continuous wave (CW)
532nm neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser (OptoEngine, MLL-FN-532-300mW) in an
epi-illumination backscatter geometry. The laser beam
diameter was 2.2mm. The laser was directed to the
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sample on the axis of the SHRS spectrometer, using a
25mm diameter, 550nm long-pass dichroic mirror
(ThorLabs, DMLP550), and was focused on the sample by
the MLA (Suss MicroOptics, part no. 19-00055), with each
lenslet focusing the laser to a separate small spot, with an
airy disk of ~20 um, to give an array of 484 laser spots on
the sample. The laser power focused by each separate lens-
let was ~300 uWV at the sample. The sample was located at
the focal point of the f/16 MLA, a distance of [.5mm.
The fused silica MLA is 4 x 4mm overall size with 1600,
100 um diameter circular lenslets, packed in a square grid,
with a fill factor close to 80%. The MLA has chromium
apertures that block light between the lenslets to prevent
crosstalk, and it is antireflection coated at 780 nm. The flat
surface was turned opposite the sample, in the direction of
the spectrometer.

Light Collection

Raman scattered light from the sample was collected by the
MLA and collimated, each lenslet having a unique spatially
isolated FOV on the sample from the others, producing its
own separate collimated beam. A relay lens (Nikon AF
NIKKOR 80-200 mm f/4.5-5.6) was used to image the
back surface of the MLA onto the SHRS gratings. The dis-
tance used depended on the desired magnification, 4x, 8x,
or 10x, of the MLA at the SHRS gratings. The magnification
was used to change the number of lenslets measured and the
resolving power for single lenslets. A 4 mm diameter spatial
filter, located at the focal point of the relay lens, minimized
crosstalk between lenslets, as described by Tiziani et al.'??0

Spatial Heterodyne Spectrometer

The SHRS, similar to ones described previously, is equipped
with a 25 mm N-BK7 non-polarizing 50:50 cube beamsplit-
ter (ThorLabs, BSOI3) and a pair of 300Ip/mm gratings,
blazed at 500 nm (Edmund Optics, #64-403).2'*% An iris
at the input aperture limits the size of the illuminated
area on the gratings to ~ 14 mm. The SHRS was equipped
with two 532nm long-pass filters (Semrock RazorEdge,
LP03-532RE-25), a 550nm long-pass filter (ThorlLabs,
FELO550), and a 581 nm short-pass filter (Knight Optical,
581FDS25) to remove strong laser scatter and to limit the
total spectral range (bandpass) allowed into the spectrom-
eter. A fused silica 105 mm focal length, f74.5 lens (Coastal
Optical Systems, Inc., UV-MICRO-APO 111032) imaged the
grating faces to produce the fringe image with |.17x magni-
fication onto a thermoelectrically cooled, back-illuminated,
UV-enhanced charge-coupled device (CCD) detector with
2048 x 512, 13.5um pixels (Princeton Instruments, PIXIS-
2048 2KBUV). A spatial filter placed one focal length
behind the imaging lens was used to block higher grating
orders. Images were acquired in Lightfield 4.10 software
with 100 kHz ADC gain high and in the low noise setting.
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The CCD was cooled to —70°C. For the Raman image in
Fig. 8, a CMOS detector with 5544 x 3694, 2.4 um pixels
was used (QHYCCD, QHY183M).

Spectral Calculations, Fast Fourier Transform

All spectral calculations were done using Matlab (The
MathWorks, v.R2016a). To obtain Raman spectra from
the fringe images, a region of interest is selected, and the
rows are summed, in the vertical direction, to give an inter-
ferogram superimposed on a background signal, and the
background is removed by subtracting a fitted polynomial
curve. The corrected interferogram is then Fourier trans-
formed using the Matlab FFT function, to reveal the Raman
spectrum, plotted as magnitude versus wavenumber. For
2D SHRS measurements, one grating was slightly tilted
from the vertical to produce a wavenumber dependent
fringe rotation that reduces the ambiguity of bands above
and below the Littrow wavenumber.

Sample Preparation

Several bilayer mixed sample pellets were prepared using a
I3 mm pellet die (Carver, catalog #3619). Samples were pre-
pared with the intention of keeping the constituents spatially
separated so that different samples were viewed by different
lenslets of the MLA. The samples included a diamond (Wards
Science, kit #458200) pressed into a potassium perchlorate
(Alfa Aesar #1630, 99% anhydrous) pellet, a sodium sulfate
(Sigma Aldrich, 239313)/potassium perchlorate pellet, a
sodium nitrate (Sigma Aldrich, 347663)/potassium perchlo-
rate pellet, and an acetaminophen (Sigma-Aldrich, A7085)/
ammonium nitrate (Aldrich, 256064) pellet.

Results and Discussion

The SHRS is a dispersive interferometer that uses two sta-
tionary reflective diffraction gratings. Operation of the SHRS
has been described previously.>'™>* Briefly, collimated signal
enters the input aperture of the SHRS where it is split into
two beams by a 50:50 beamsplitter. These two beams strike
the stationary diffraction gratings which are tilted at an angle,
0, such that one particular wavelength, the Littrow wave-
length, X, is retroreflected along the incident light path and
recombines at the beamsplitter. Heterodyning in the inter-
ferometer occurs at the Littrow wavelength, so light at wave-
lengths longer or shorter than A, are diffracted from the
gratings at an angle to the optical axis, resulting in crossed
wavefronts, inducing a spatial phase shift, and generating a
wavelength dependent, vertical interference pattern on the
array detector. The intensity of the pattern is a function of
position x on the detector, given by Eq. |

I(x) = /ooo B(o){1+cos[8n(c — o )xtan6,]}do (1)
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where B(o) is the input spectral intensity at wavenumber G,
and the Fourier transform (FT) of I(x) recovers the
encoded Raman spectrum. The fringe frequency on the
detector is given by Eq. 2, where f is in fringes/cm, o, is
the Littrow wavenumber, and o is the wavenumber of
interest.”

f=4(c— oy )tan 0, (2)

According to Eq. 2, emission lines above or below the
Littrow wavelength show identical fringe patterns, leading
to degenerate lines (i.e., line overlap). This degeneracy can
be removed by tilting one of the gratings vertically or rotat-
ing it about the optical axis, which induces a rotation to the
Fizeau fringe pattern, in opposite directions above and
below Littrow.”>?* In this case, a 2D Fourier transform
can be used to recover spectra above and below the
Littrow wavelength, unambiguously. This is very useful for
doubling the spectral range of the SHRS.

Unlike a dispersive spectrometer, which requires a phys-
ical slit to control the spectral resolution, the SHRS, like
other Fourier transform interferometers, does not. Rather,
the resolving power, R, of the SHRS, given by Eq. 3 is equal
to the total number of grooves illuminated on both gratings
where W is the illuminated width of one grating and D is the
grating line density.23

R=2WD (3)

This allows the SHRS to employ a large entrance aper-
ture, greatly increasing the throughput of the system, which
is advantageous for measuring extended sources in situ-
ations where a large laser spot might be used to reduce
sample damage; when using a large diameter optical fiber to
deliver light to the spectrometer; or other applications
where large sample areas need to be measured, such as
the imaging technique described in this paper.

In the SHRS used for these studies (see Fig. la), the
width of the input beam at the gratings is ~14mm, so
the theoretical resolving power, R, is 8400, giving a theor-
etical resolution of ~2cm™' for a 1000 cm™' Raman band,
using 532 nm excitation. This spectral resolution is about
the same as a Kaiser Holospec f/1.8 spectrometer, with a
25 um slit”* The measured spectral resolution of the SHRS
was ~7 cm ™', using a low-pressure Hg lamp source (Ocean
Optics, Hg-1). The measured resolution of the SHRS is very
sensitive to alignment of focusing optics, likely the cause for
the lower the expected resolution.

The illuminated width of the CCD is 14.8mm, ~1100
pixels, so the theoretical spectral range of the SHRS, based
on the Nyguist criteria of two pixels per wavelength, is
~1155cm™'. The spectral range can be doubled to
~2310cm™' using the 2D Fourier transform technique
described above. The throughput of the SHS is larger
than a conventional dispersive spectrometer of comparable



924

(a) ©)
ey '
CEEET L L
BS . .
mput |+ [ 8
Output I><"{ CW b
(S R Ty 05

e
7 9

800

800 1000 1200 1400 1600

Applied Spectroscopy 74(8)

TTT
mﬂ
‘+—

1.32 mm

5
ad
“ 4
——
1.32 mm

0- T 7 T )
800 1000 1200 140[}1 1600

1000 1200 1400 1600

Raman Shift (cm”) Raman Shift (cm )
(i) (i)
!1-5 _
—
1.32 mm 1 1.32 mm

J
0
600 800 1000 12p0 1400
Raman Shift (cm ')

(iv)

Raman Shift (cm )

(iii)

Figure 1. (a) Spatial heterodyne spectrometer (SHS). BS: beam splitter; G: diffraction grating; CW: crossing wavefronts; L: lens; CCD:
charge-coupled device detector. (b) Raman spectra measured by a SHS spectrometer for (i) a diamond in potassium perchlorate pellet,
(i) a sodium sulfate/potassium perchlorate bilayer pellet, (iii) a sodium nitrate/potassium perchlorate bilayer pellet, and (iv) an acet-

aminophen/ammonium nitrate bilayer pellet. Spectra shown are the result of Fourier transforming all lenslets on the CCD. One-lenslet
spectra for samples (i)—(iii) are shown in Figs. 5 to 7; 150 mW CW 532 nm, (i) and (ii) 10 min acquisition, (iii) and (iv) 3 min acquisition.

spectral resolution, from the combination of a large aper-
ture and wide FOV. The maximum, resolution-limited solid
angle FOV of the SHRS is related to the resolving power by
Eq. 4.2 The solid angle FOV for the spectrometer used in
the studies presented here is 7.5 x 10~ *sr, corresponding
to a full acceptance angle of ~1.6°

Qmax = 271/ R 4)

Figure 2a shows how the MLA is imaged onto the face of
the gratings by the relay lens. The 40 x 40 MLA used in this
work is shown in Fig. 2b. Light from each MLA lenslet
travels in a unique path through the interferometer, each
providing its own independent spatially isolated Fizeau
fringe pattern. In Fig. 2a, the light path for two lenslets is
illustrated. Each of the 1600 MLA lenslets (Fig. 2b) has the
same focal length, and the sample is placed one focal length
from the MLA. The laser is focused by each MLA lenslet to
a small spot on the sample. Scattered Raman light is
collected by the MLA lenslets to produce an array of col-
limated beams, one for each lenslet. As long as the beams
generated by the f/16 MLA lenslets are collimated within
the acceptance angle of the SHRS, interference occurs
producing high contrast fringe patterns. The relay lens is
positioned to image the back surface of the MLA onto the
SHRS gratings. A spatial filter, located at the focal point of
the relay lens, prevents crosstalk between the FOV of MLA
lenslets, as described by Tiziani et al.'®*® Another lens
inside the SHRS images the grating face, i.e., the focused

MLA lenslet image, onto a CCD detector. Figure 2c is the
Raman image of the sulfur pellet in Fig. 2d, which shows
almost all of the 1600 MLA lenslets and the ridge detail of
the sulfur pellet that is retained in the MLA-SHRS image.
However, with the CCD used for this work, individual lens-
let Fizeau fringes could not be resolved. This is a limitation
of the number of pixels in our detector array, which, at only
eight pixels per lenslet, was insufficient to resolve fringes.
Resolving all 1600 lenslet fringe images would require a
CCD with much smaller pixels.

Figure Ib shows Raman spectra measured using the
MLA-SHRS system shown in Fig. 2. Each detector image
with its corresponding spectrum shows the individual lens-
lets that are viewed and the position of each sample within
the FOV. The samples consisted of a series of bilayer pellets
that were illuminated at the interface between the two
constituents, so that both solids were within the FOV of
the instrument. The imaged area shown was about 12 lens-
lets wide by about five lenslets tall, giving a measured
sample area of 1.32mm x 0.55 mm. The number of lenslets
viewed was limited by the spectral resolution of the grating
used in these studies—these limitations are discussed in a
later section. For the spectra shown, the MLA was not used
for imaging, rather, the signal from all 60 lenslets was
summed to produce the spectrum, which represents the
mean Raman spectra over the total area measured.
The measured resolution was ~7 cm™ ' for the potassium
perchlorate/diamond and sodium sulfate/potassium perchlo-
rate samples. The resolution was slightly lower, ~8-9cm™"',
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Figure 2. (a) Schematic of the optical path of the MLA-SHRS. G: diffraction grating; CCD: charge-coupled device detector.
(b) A microlens array illustration. A Raman image (c) for a sulfur pellet (d) measured with the MLA-SHRS showing almost all 1600 MLA

lenslets being used.

for the sodium nitrate/potassium perchlorate and an acet-
aminophen/ammonium nitrate pellets, because the imaging
magnification was slightly larger (8x) than in the former
(10x). The spectral range for these spectra is
~1150cm™", consistent with the theoretical value. Raman
spectra using fringe images from the individual lenslets, for
each of the samples shown in Fig. Ib, are described in
the following.

Figure 3 shows how MLA-SHRS lenslet spectra are
recovered for a diamond sample. The signal is collected
and shown as an array of fringe images (upper left image),
one from each lenslet, on the detector. The fringe image
cross-section (upper right), produced by summing pixels
vertically in each column, for a selected lenslet fringe
image (shown by white box), shows an interferogram
superimposed on a large background signal. The back-
ground is removed by subtracting a fitted polynomial
from the cross-section. This subtraction procedure does
not account for the variation of the signal intensity across
the interferogram. The spectrum is obtained by taking the
one-dimensional (D) Fourier transform of the resulting
interferogram. The resulting diamond Raman spectrum
has a spectral resolution of ~4lcm™', which is lower
than the 6cm™' achieved for the diamond sample shown
in Fig. 1b(i), because of the lower number of grooves
illuminated by a single lenslet on the grating. Due to coher-
ence effects inside the interferometer, each MLA lenslet

interferogram does not have its own location of zero
path difference. This results in a decrease of coherence
across the grating face and limits the horizontal size of
the grating that can give high fringe contrast across the
entire grating face. A solution to this issue would be to
use several smaller gratings, each with its own center
burst position, or use a compensator plate, shaped to
reduce the optical path difference across the grating.

A 2D Fourier transform of each lenslet Fizeau fringe
pattern can be used to differentiate spectra on either side
of the Littrow (i.e., the heterodyne) wavelength and
approximately double the spectral range, provided the
fringe pattern has a sufficient rotation to induce a phase
shift, ¢, along the y-axis. This is accomplished by either
tilting or rotating one of the gratings with respect to the
other grating in the SHRS. An expansion of the bracketed
term in Eq. | to include this y-axis phase shift term is shown
in Eq. 5 2

1(x, y)
= /oo B(c){1 + cos[2n(4(c — o, )x tan 6, + yo¢)]}do
0
(5)

Figure 4 shows a 2D interferogram for an acetamino-
phen sample (top left), cropped to show clearly the crossed
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Figure 3. How to recover one-lenslet spectra using the MLA-SHRS. The signal is collected and measured as a fringe image on the
detector (upper left). The one lenslet region of interest, shown in white, is chosen and the columns are summed to provide an
interferogram superimposed on a background signal (upper right). The interferogram (lower right) is obtained by subtracting a poly-
nomial fit, and the spectrum (lower left) is obtained by taking the one-dimensional Fourier transform of the interferogram. The sample

for the spectrum shown is diamond.

fringe pattern, for a 4 x 4 section of lenslets. The Littrow
wavenumber of the SHRS was set to ~1000 cm ™', indicated
by o, in the spectra, so Raman bands above and below
Littrow rotate the fringes in opposite directions. Note
the strong center burst in region b of the Raman fringe
image. Raman spectra (right) for the regions a—c, labeled
on the detector fringe image were obtained using a 2D
Fourier transform. The spectrum labeled d is a reference
Raman spectrum of acetaminophen from the RRUFF data-
base (RRUFF ID D120007).** Using the MLA-SHRS for
Raman imaging, there is a tradeoff between spectral reso-
lution and number of lenslets used in the horizontal direc-
tion (e.g., grating grooves illuminated). For example, the
spectra produced by region a for a single lenslet, and
region b which covers four lenslets vertically, produce spec-
tra with the same resolution, ~42cm™', because both
regions illuminate the same number of grating grooves.
However, the spectrum produced by region c, viewing
four lenslets horizontally, has four times higher resolution,
~Ilem™', because four times as many grating grooves
were illuminated. The intensity scales with the number of
lenslets viewed, regardless of the direction.

Figure 5 shows the Raman image (top left) for a dia-
mond/perchlorate sample (top right). In this image, the
MLA was magnified by 10x onto the gratings, and 60 dif-
ferent lenslets are shown, corresponding to a sampled area
on the sample of 1.32 x 0.55mm? Lenslets outside this
area did not show high contrast fringes. The image is
brighter in the diamond region because the diamond

Raman cross-section is ~3.8 times larger than perchlo-
rate.?®*” Spectra corresponding to three different sample
regions are shown (bottom left). Region a shows only the
diamond Raman band at 1332cm ™', region b shows both
potassium perchlorate and diamond Raman bands, and
region ¢ shows only the 941 cm™' Raman band of potas-
sium perchlorate.?®%’

The size of the image of each lenslet on the gratings is
0.98 mm. For the 300 Ip/mm gratings, this corresponds to a
theoretical resolving power of 588, which gives a theoret-
ical spectral resolution of 32cm~'. The measured reso-
lution of the spectra shown in Fig. 5 are consistent with
this value, at 33 cm™'. The grating image is magnified .17 x
on the CCD, so each lenslet has a diameter of 85 pixels,
thus allowing 85/2 spectral elements to be measured, giving
a theoretical spectral range of 1360cm™'. The observed
one-lenslet spectral range, ~1250cm ™, is consistent with
this value.

The Raman image in Fig. 6 (top left), measured in the
same configuration as in Fig. 5, shows an example of resol-
ving close lying Raman bands for two samples, sodium
sulfate/potassium chlorate, that are separated by no more
than two lenslet diameters. The interface between the sam-
ples, labeled in the picture inset with a dashed line, is not
immediately obvious in the white light image, because both
constituents have similar Raman scattering cross-sections.”’
The measured spectral resolution for the Raman spectra
(bottom left) of the three lenslet regions (a, b, and c) is
~33cm™', adequate to distinguish between the sodium
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Figure 4. Left: The Raman image of an acetaminophen pellet measured using our MLA-SHRS in 2D-SHS configuration. The inter-
ferogram image is labeled with (a) a one lenslet region of interest, (b) a column of four lenslets, and (c) a row of four lenslets. Right: the
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acetaminophen reference Raman spectrum provided via RRUFF database (RRUFF ID: D120007).
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Figure 5. Diamond in perchlorate measured with the MLA-SHRS in ID SHRS configuration. Top left: the Raman image labeled with the
one-lenslet regions of interest. Top right: picture of the sample with black box labeling the area measured. Bottom left: spectra corres-
ponding to each one lenslet region of interest, offset for clarity. Bottom right: the corrected interferograms for each region of interest.
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Figure 6. A sodium sulfate/potassium chlorate bilayer pellet measured with the MLA-SHRS in ID SHRS configuration. Top left: the
Raman image labeled with the one-lenslet regions of interest. Top right: picture of the sample with black box indicating the area
measured and gray dashed line to indicate the interface on the sample. Bottom left: spectra corresponding to each one lenslet region of
interest, offset for clarity. Bottom right: the corrected interferograms for each region of interest.

sulfate band at 990 cm ™' and potassium perchlorate Raman
band at 941 cm™'. Note, in this case, the brightness of the
lenslets in the Raman image is not indicative of the sample
type because in these images we did not correct for
changes in light intensity across the image, as might occur
from such things as changes in laser power, sample position
or flatness with respect to the MLA image plane, density
variations in the sample, sample refractive index differ-
ences, or luminescence impurities in the samples.

For transparent, highly scattering samples, the spatial
resolution of any Raman imaging technique is limited by
diffuse scattering of the laser through the sample, so the
laser is not localized at the focal point of the laser but can
excite Raman scattering up to many millimeters away.
Spatially offset Raman takes advantage of this effect, to
increase the volume that is probed for highly scattering
samples such as pharmaceutical tablets.'® This is illustrated
by the Raman image in Fig. 7, for a sodium nitrate/potas-
sium perchlorate sample (top right). In this image, Raman
from 60 different MLA lenslets is shown, covering an area

on the sample of about 1.32 x 0.55 mm, the magnification
was 8x on the gratings. Normalized Raman spectra from
eight selected lenslet regions are shown (left). The resol-
ving power per lenslet is 450, which corresponds to a spec-
tral resolution of 41.7cm™', which matches the measured
resolution of 42 cm™'. The grating image is magnified 1.17x
on the CCD, so each lenslet image has a diameter of 65
pixels, thus allowing 65/2 spectral elements to be mea-
sured, giving a theoretical spectral range of 1365cm™".
The observed one-lenslet spectral range, ~1250cm™", is
consistent with this value.

If there were no overlap between the Raman signals
collected by the lenslets of the array for the bilayer
sample used here, we would expect the Raman spectra
to change rapidly for lenslets on either side of the sample
interface, showing only nitrate (1062 cm™"') on one side and
only perchlorate (941 cm™') on the other side.?*° So, a plot
of the intensity ratio of these two bands would show an
abrupt change at the interface. Instead, what we see is a
more gradual intensity ratio change, due to diffuse
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Figure 7. A sodium nitrate/potassium perchlorate bilayer pellet measured with the MLA-SHRS in ID SHRS configuration. Top right:
the Raman image labeled with one-lenslet regions of interest. Left: normalized spectra corresponding to each one-lenslet region of
interest, offset for clarity. Bottom right: Intensity ratios of the KCIO4 and NaNOj bands plotted versus lenslet location.

scattering in the sample, as shown in Fig. 7 (lower right).
The intensity ratio is shown in this plot, because the Raman
intensity changes a lot from lenslet to lenslet and this
was not corrected. The shape of the intensity ratio
curves in Fig. 7 is consistent with plots of Raman signal
intensity versus relative offset position for spatially offset
Raman.*' In fact, the MLA-SHRS hyperspectral imaging
system described here would seem to be ideal for quickly
making measurements that can be used to test models of
spatially offset and transmission Raman.

Figure 8 shows a Raman image made up of 546 lenslets
(top left) for a diamond/potassium perchlorate sample, with
each lenslet showing clear interference fringes. To acquire
this image, the MLA was magnified by 4x onto the 150 Ip/
mm gratings. The 546 lenslets shown correspond to an area
on the sample of 2.31 x2.86mm? A CMOS detector
(AgenaAstroproducts, QHY 183M) with 2.4 um pixels and
overall chip size of 13 x 8mm? was used to acquire this
image. The cross-section (bottom) for a selected row of
lenslets shows high contrast fringes for each lenslet. Raman
spectra, recovered by taking the Fourier transform of the
cross-section for two individual lenslets are shown (top
right), for lenslets that image diamond and perchlorate
regions of the sample. The size of the image of each lenslet
on the gratings is 0.4 mm. For the 150 Ip/mm gratings, this
corresponds to a theoretical resolving power of 120, which
gives a theoretical spectral resolution of [48cm™".
The measured resolution of the spectra shown in Fig. 8 is

consistent with this value, at 148cm™". This low spectral
resolution is limited by the grating groove density and the
total number of pixels available on the detector.

Imaging Limitations of the MLA-SHRS

For the MLA-SHRS technique, the number of spatial elem-
ents that can be imaged simultaneously is determined by
the grating size and the desired spectral resolution, and also
depends on the laser wavelength. For an individual lenslet,
the resolution is determined primarily by the number of
grating grooves that are illuminated by that lenslet. Table |
shows the theoretical maximum number of spatial elements
that can be imaged using a 25 mm SHRS, for three different
laser wavelengths and grating groove densities, assuming a
spectral resolution of 20 cm™~'. The calculations show that
using 785 nm or 532 nm laser wavelength, over 10000 spa-
tial points can be simultaneously imaged, with a spectral
range that is limited only by the number of pixels available
on the detector. Even at 244 nm, almost 4000 lenslets can
theoretically be measured. Furthermore, if 30cm™' spec-
tral resolution is permissible, then ~23 000 lenslets could
be imaged at the longer wavelengths. These calculations do
not account for loss of coherence across the SHRS grating
face. Because the initial SHRS alignment was performed
along the center of the optical axis, the loss of coherence
will limit the contribution of lenslets far from the center of
the grating in the horizontal direction (i.e., parallel to the
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Figure 8. Top left: the Raman image of diamond in perchlorate, measured with MLA magnified 4x onto the SHRS gratings in |D SHRS
configuration. Bottom: the cross-section for the row of lenslets outlined in gray on the Raman image. Top right: Raman spectra

corresponding to two different lenslets.

Table 1. The performance characteristics for an MLA-SHRS for system that has 20 cm™

' resolution for one-lenslet spectra.

Grooves illuminated

Wavelength Grating line per lenslet for 20 cm ™' Imaged lenslet Number of lenslets, Total lenslets
(nm) density (Ip/mm) spectral resolution diameter (um) horizontal direction® imaged

785 1200 293 244 103 10609

532 1800 444 247 101 10201°

244 2400 999 416 60 3600

*25mm grating width.
£23095 lenslets at 30cm ™' spectral resolution.

grating dispersion). The extent of this depends on the
coherence length of the bands being measured and the
grating Littrow angle. In situations where loss of coherence
might occur, physically offset compound gratings, a curved
grating, or possibly a refractive optic could be designed to
mitigate the problem.

Conclusion

A new hyperspectral Raman imaging technique is demon-
strated using an SHRS with an MLA, where the entire
hypercube of spatial and spectral information is obtained
in a single measurement. Raman images for a variety of
sample types are demonstrated where Raman spectra, at
spectral ranges from 1200cm™' to 2800cm™', were
acquired for 60 to >500 unique spatial points dependent

on the type of detector used. The spectral resolution of the
Raman spectra acquired for each spatial point in the images
varied from 32cm ™' to 148 cm™', dependent on the grating
and system magnification. Calculations show that this tech-
nique can be extended to include more than 10000 spatial
points with a spectral resolution of 20cm ™', with a large
spectral range. Loss of coherence across the grating can be
compensated using multiple gratings, each with its own
center burst position, or using a compensator plate,
shaped to reduce the optical path difference across the
grating.
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