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ABSTRACT

Our group recently developed a new type of Fourier transform Raman
spectrometer, the spatial heterodyne Raman spectrometer (SHRS), for planetary
exploration. The SHRS is a high spectral resolution, high throughput, compact dispersive
interferometer, similar in design to a Michelson interferometer, where the mirrors are
replaced by stationary diffraction gratings. The SHRS has no moving parts and does not
require an entrance slit, making the throughput of the system orders of magnitude larger
than a typical dispersive spectrometer. The wide field-of-view (FOV) of the SHRS
enables wide area measurements without loss of sensitivity or spectral resolution and
offers advantages such as minimizing sample photodegradation by using large laser spots
on the sample and easy coupling to a telescope for standoff Raman. The lack of moving
parts and compactness of the SHRS makes the system lightweight and robust, which is
ideal for a deployable standoff detection instrument intended for planetary exploration.
Our group has demonstrated visible and UV measurements using the SHRS in bench-top
and standoff configurations; however, there are no published quantitative studies
measuring the FOV of the SHRS for standoff Raman or the laser irradiance necessary to
reduce photodegradation. The work presented quantifies the FOV, beam diameter and
irradiance required to reduce photodegradation, and demonstrates 1D imaging using wide
area illumination. A prism-based SHRS was also investigated and preliminary results are

discussed.
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The wide FOV and high throughput of the SHRS makes the system well suited for
transmission Raman spectroscopy (TRS). In TRS, the laser is brought in from the
backside of the sample, and Raman photons are collected on the opposite side after
diffusely scattering through the sample. The diffuse scattering of light increases
interactions within the sample leading to spectra that are more representative of the bulk.
However, the Raman scattered photons exit the sample over a very large area, and the
dispersive Raman spectrometers typically used in TRS suffer sensitivity losses, in
comparison to backscatter Raman, due to low collection efficiency resulting from the
narrow spectrometer slit. TRS measurements using the SHRS are demonstrated and
comparisons to a more conventional, high throughput dispersive spectrometer are

discussed.
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INTRODUCTION
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1.1 Raman Spectroscopy

Raman spectroscopy is a type of inelastic molecular scattering discovered by C.V.
Raman in 1928, which probes the vibrational/rotational modes of a molecule. When a
molecule is excited by a light source, the interaction between the molecule and light
produce several scattering events that provide structural information about the molecule,
often best represented by an energy-level diagram (Figure 1.1). If the molecule is much
smaller than the excitation wavelength, two types of scattering can occur, elastic and
inelastic. Rayleigh scattering is elastic scattering that results from the molecule emitting a
photon of the same energy as the exciting photon; most photons are Rayleigh scattered.
However, approximately one out of 10’ photons interacting with a molecule are

inelastically scattered, which is referred to as Raman scattering.

In Raman scattering the energy of the scattered photon, (Er), is the energy

difference between the exciting photon, (E,), and the energy of an excited vibrational

mode, (E,). The energy of the scattered photon can be of greater (anti-Stokes) or lower
(Stokes) energy than that of the excitation photon. A photon is Stokes Raman scattered
when the molecule is excited from the ground state to a virtual state followed by emission
of a lower energy photon, leaving the molecule in an excited vibrational level of the
ground electronic state. In anti-Stokes Raman scattering, the molecule is excited from an
excited vibrational level in the ground electronic state to a virtual state before emitting a

photon of higher energy, as the molecule returns to the ground vibrational state.
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In a typical Raman experiment, the sample is irradiated with a laser, and the
scattered light is collected and analyzed using a spectrometer. The Raman signal (Sg)

detected is governed by Equation 1.1.
S = (PNnor) (eTQt) Equationl.1

where P is the laser intensity, Ny, is the number of molecules, or is the Raman cross-
section of the molecule, ¢ is the spectrometer collection solid angle, T is the transmission
of the optics, Q is the detector efficiency, and t is acquisition time. The first three
variables are dependent upon the characteristics of the molecule and laser, while the latter

are related to the characteristics of the spectrometer and collection optics.

Lasers are typically used as the excitation source for Raman measurements to
deliver a large number of monochromatic photons to a small area of the sample. The
magnitude of the Raman cross-section, usually on the order of 10’ cm?/sr, is related to
the polarizability of the molecule. Polarizability is determined by the probability of the
excitation light inducing a dipole in the molecule. The Raman signal is also proportional
to the laser frequency (Vey) by ey, which means ultra violet (UV) wavelengths produce
higher signals than visible or near-infrared wavelengths. However, the larger signal

obtained by using higher energy lasers can be offset by photodegradation of the sample.

The characteristics of the collection optics and spectrometer are also important
aspects to consider when using Raman spectroscopy. The transmission properties of the
collection and spectrometer optics can greatly reduce the Raman signal if not chosen
correctly. The optics should be optimized to transmit light efficiently in the wavelength

region of the collected light. For some wavelength regions, such as the deep UV, high
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quality optics are not readily available. Besides reduced transmission, poor quality optics
can also introduce errors as the light travels through the optic, such as wavefront
distortion, chromatic aberrations, and spherical aberrations. These can be problematic for

interferometer based spectrometers.

The spectrometer collection efficiency (i.e., throughput or Etendue) determines
how much light can be collected and transferred to the detector. The Etendue of a
spectrometer is a function of area viewed (A) and collection solid angle (€2, steradians

(sr) ) of the limiting aperture.

e=QA Equation 1.2

Detector efficiency is another important part of the spectroscopic system. In fact,
Raman spectroscopy became more useful as an analytical technique after charge coupled
devices (CCD) were used for Raman spectroscopy™ due to improved sensitivity and

signal-to-noise ratios, multiwavelength detection, and faster acquisition times.*

The two most commonly used types of Raman spectrometers are slit-based
dispersive and Fourier transform (FT) systems. Each type of spectrometer has advantages
and disadvantages, and the specific application requirements will determine the more
suitable spectrometer. Dispersive spectrometers separate the input wavelengths by using a
light-dispersing grating, and the resolution is a function of the grating dispersion and slit
width. In a dispersive Raman spectrometer, the slit width is typically 25 - 100 pm for
moderate resolution, ~5-10 cm™, capable of resolving most Raman bands. The narrow slit
width in a dispersive spectrometer limits the Etendue of the system, as well as the

viewable area of the sample.
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FT Raman using a near infrared laser was shown to provide fluorescence free
Raman spectra, which increased the applicability of Raman spectroscopy to chemical
analysis of “real world” samples and revolutionized Raman spectroscopy as a technique
for analytical applications .*® The initial FT Raman spectrometers were modified FTIR
spectrometers, which are Michelson interferometers. In a Michelson interferometer, light
is split 50/50 at the beam splitter into two arms, one with a stationary mirror and the other
with a moving mirror. The wavelengths are measured by the constructive and destructive
interference generated from phase changes as the moving mirror travels, and the spectral
resolution depends on the maximum mirror travel. Therefore, the spectral resolution of
FT spectrometers does not depend on a slit and the entrance aperture can be large,
increasing the Etendue in comparison to a dispersive spectrometer. However, the system

requires moving parts to record a spectrum.
1.2 Spatial Heterodyne Raman Spectroscopy

Spatial heterodyne spectroscopy was originally developed and described by J.
Harlander for emission measurements.” Our group recently adapted the spatial heterodyne
spectrometer to Raman measurements.® The spatial heterodyne Raman spectrometer
(SHRYS) is based on a dispersive interferometer, similar to a Michelson interferometer,
with the mirrors replaced by stationary diffraction gratings, Figure 1.2. Thus the SHRS
has no moving parts and does not require an entrance slit, making the optical Etendue (e,
Equation 1.2) of the system much larger than that of a conventional dispersive

spectrometer.
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As shown in Figure 1.2, the collected light is collimated into the SHRS, split by a
50/50 beam splitter, and directed towards the diffraction gratings. The gratings are set to
the Littrow angle, the angle at which a selected wavelength retro-reflects, typically set to
the laser wavelength. Light at any other wavelength is diffracted by the grating at an
angle, producing a wavelength dependent crossing angle of the beam wavefronts. The
superposition of the diffracted beams in each arm of the interferometer forms a fringe
pattern, as a result of constructive and destructive interference, which is imaged onto an

imaging detector such as a CCD. The fringe spacing is defined by:

JS=4(c —ou)tan O, Equation 1.3

where f'is fringes per centimeter, 6y is the Littrow angle, o is the wavenumber of the
Raman band and o7, is the Littrow wavenumber. Equation 1.3 demonstrates all
wavenumbers entering the spectrometer are heterodyned to the Littrow wavenumber, and
when the Littrow wavelength corresponds to the laser wavelength, the fringe
wavenumber is proportional to the Raman shift in cm™. Thus, each Raman band produces
a unique set of fringes to form an interferogram and all wavelengths are measured
simultaneously. The intensity of the fringe pattern is a function of position x on the
detector, given by:

I(x) = [ B(o){1 +cos[8r(0 - 0, )xtanb, }do
0 Equation 1.4

where B(o) is the input spectral intensity at wavenumber o, and the Fourier transform of

I(x) yields the Raman spectrum.”'* A fringe image of potassium perchlorate produced by
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exciting the sample with a 532 nm laser and setting o7 to 532 nm is shown in Figure 1.3,

along with the image cross section and resulting Raman spectrum.

The resolving power (Ry) of the system is equal to the number of grooves

illuminated on both gratings
Ro=2WGy Equation 1.5

where W is the width of the diffraction gratings and Gq is the grating groove density
(grooves/mm). Using the grating equation, the resolving power in Equation 1.5 can also

be written in terms of the wavenumber and Littrow angle as:
Ro=4Wosinf, Equation 1.6

Equation 1.5 highlights the importance of illuminating the entire width of the diffraction
grating to achieve the highest possible resolution. The number of detector elements (N)
illuminated is also important, because the SHRS spectral bandpass (BP) is limited by N/2

due to the Nyquist criterion, see equation 1.7.
BP =NA/2R, Equation 1.7

The Nyquist criterion determines the spatial frequency that can be measured without
aliasing.” Thus, the total number of pixels illuminated on the CCD determines the spectral

range of the system, while the Littrow wavelength selects the spectral region.

As an example of a typical SHRS spectrometer used in our lab, the parameters of
an SHRS designed for detection in the visible region are given and used to calculate the
resolving power and bandpass. Assuming a 532 nm doubled Nd:YAG laser is used for

sample excitation and to set the Littrow; a CCD camera with 1,340 pixels (N) in the
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horizontal direction as the detector; and 25.4 mm square, 150 grooves/mm gratings, the

calculated values described above are shown in Table 1.1.

Table 1.1: Visible SHRS Specifications

Excitation Wavelength 532 nm
CCD Dimensions 1340 x 1300 pixels
Grating Dimensions 25.4 mm x 25.4 mm
Grating Density 150 grooves/mm
Resolving Power 7620
Resolution 2.46 cm’
Bandpass 1500 cm’™

When taken all together, the defining features of the SHRS design make the
system a unique spectrometer with advantages over other spectrometers used for Raman
measurements. The SHRS is a high spectral resolution, high throughput compact
spectrometer with no moving parts. In comparison, a slit-based spectrometer needs to be
large to achieve high resolution by using large gratings and long focal lengths with small
slit widths, and Michelson interferometers require a moving mirror to measure spectra
and must be scanned. The high Etendue of the SHRS enables wide area measurements
without losing light, whereas an unfocused laser cannot be paired with a conventional
dispersive spectrometer due to considerable light loss at the slit. The lack of moving parts
and compactness of the SHRS makes the system lightweight and robust, which is ideal
for a deployable instrument for applications such as standoff detection or in-line process

monitoring.
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1.3 SHRS for Standoff Raman Applications and Current Progress

Standoff Raman spectroscopy has been shown to be a useful technique for a wide
range of applications such as art and archeology,'” forensics and homeland security
applications,' "' and planetary exploration.'®"” The well-defined spectral features in
Raman spectra allow for unambiguous identification of molecules in homogeneous and
heterogeneous samples of solids, liquids, and gases, which is useful for in situ
measurements.'® Using standoff configuration for Raman measurements allows for
analysis of inaccessible samples or highly dangerous compounds at safe distances. The
SHRS was developed and demonstrated by our group in 2011 as a novel spectrometer

suitable for standoff Raman spectroscopic measurements for planetary applications.®

A typical standoff Raman experiment is performed by using a laser to illuminate a
sample at a distance, ~tens to hundreds of meters, and the Raman scattered light is

collected by a telescope and directed into a spectrometer, see Figure 1.4. Standoff Raman

19-22

was first described and demonstrated for atmospheric gas measurements, =~ and was

later extended to measurements of inorganic and organic compounds using a portable
Raman standoff system developed for radioactive wastes analysis in underground storage
tanks.” Other recent advances in standoff Raman spectroscopy include: remote

16-17,25-26

measurements up to 1500 m**; systems designed for planetary exploration and

explosives detection'”*"?’; gated detection for ambient light operations®*>'; and systems
developed to take advantage of the resonance enhancement and higher Raman cross

sections in the deep-UV.****

Excitation at deep-UV wavelengths has been shown to provide Raman spectra

free from interference of longer wavelength fluorescence, which often plagues visible
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wavelength Raman measurements.” However, UV excited standoff Raman
measurements require a high resolution spectrometer capable of resolving the closely
spaced Raman bands observed in a narrow spectral range, and care must be taken to
avoid laser-induced photodegradation by utilizing low laser irradiance. Spectrometers
with sufficiently high spectral resolution for deep-UV Raman typically require large, high
dispersion gratings and long focal length optics, making the spectrometer large with low
light throughput. Therefore, conventional dispersive spectrometers will lose sensitivity
when using large laser spots or reduced laser power to reduce sample irradiance, and due
to the large size, high resolution dispersive spectrometers are not ideal as portable

instruments for planetary exploration.

The spatial heterodyne Raman spectrometer (SHRS) is a compact, high resolution
instrument first described by Gomer et al. for visible Raman measurements,” and later
extended for deep UV***! and standoff UV Raman measurements.*” Hu , et al have
demonstrated standoff detection using the SHRS with no collection optics, as well as 2D

SHRS spectra of analytes through a plastic bottle.”**

The SHRS has no moving parts and
all wavelengths are measured simultaneously, which makes the system compatible with
pulsed lasers and gated detection. The SHRS does not require an entrance slit to maintain
high resolution and has a large angular field of view (FOV), making the optical Etendue
of the system profoundly larger than that of a conventional dispersive spectrometer. The
Etendue of the SHRS allows wide area measurements to be made without losing
sensitivity or spectral resolution and sample photodegradation can be avoided by using

large laser spots on the sample. For standoff Raman measurements, the large entrance

aperture of the SHRS should reduce telescope alignment constraints and minimize laser

10
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pointing stability issues, because small movements of the laser spot on the target do not
reduce the amount of light collected by the spectrometer, as recently demonstrated in our
lab for standoff LIBS measurements.*’ There are no published quantitative studies to
measure the field-of-view (FOV) of the SHRS for standoff Raman, or the laser irradiance
and associated beam diameter necessary to reduce photodegradation. The work presented
in Chapter 2 quantifies the FOV (i.e. width of the area viewed), beam diameter required
to reduce photodegradation of sulfur, and also demonstrates 1D imaging using wide area

illumination.
1.4 Transmission Raman Spectroscopy

Transmission Raman spectroscopy (TRS) provides nondestructive, noninvasive,
and unique molecular identification of the bulk contents of a heterogeneous sample.**’
TRS has been shown to be a useful technique in various areas of research such as cancer
diagnostics,* pharmaceutical qualification and quantification,” and process control
applications.” Stone and Matousek demonstrated the ability to distinguish between
benign and malignant markers of breast cancer tumors at clinically relevant depths using
TRS.* Eliasson et al. conducted feasibility studies using TRS for quantitative analysis of
pharmaceutical samples. The work demonstrated TRS, in combination with
chemometrics, could be used to measure the active pharmaceutical ingredient
concentration with ~1-2% relative error despite strong Raman signals from the capsule
shell.* Macleod and Matousek reviewed TRS studies pertaining to using TRS for process
control of pharmaceutical products.”® The review describes how TRS can be used for fast,

quantitative, nondestructive process control measurements with high specificity of the

bulk components for heterogeneous samples.
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In TRS, the laser is brought in from the backside of the sample, and laser and
Raman photons are scattered diffusely through the sample and collected on the opposite
side. The TRS technique takes advantage of the diffuse scattering of Raman photons
through a sample to increase the Raman signal from the bulk relative to the surface (i.e.
reduced sub-sampling). Sub-sampling is the bias to surface layer constituents in
backscatter Raman of highly scattering samples, which limits the ability to use
backscatter Raman to obtain spectra that are representative of the bulk for highly
scattering samples. In TRS, diffuse scattering of light increases interactions within the
sample leading to spectra that are more representative of the bulk and can lead to reduced

46,51

scattered laser light in the Raman spectrum.™”" However, this comes at the price of

reducing the Raman signal compared to backscatter Raman.

In TRS, Raman scattered photons exit the sample in a very large area, in a spot

about 6 times the sample thickness.”*>*

Typical dispersive spectrometers have small
entrance slits and are not efficient at collecting light from a large area sample, which
leads to low collection efficiency and reduced sensitivity in TRS in comparison to
backscatter Raman. The backscatter/transmission (B/T) ratio is a measure of signal loss
and is typically a large number for TRS, 10-100.**"#*"° To increase the sensitivity in
TRS measurements, signal enhancement techniques can be employed or the collection
area can be increased. Signal enhancement has been achieved through the use of
unidirectional coupling mirrors to recycle the Raman and laser photons lost on the non-
collection sides of the sample.”®>” Most TRS studies have used fiber optic bundles to

increase the collection area, but the small diameter of the fibers still limits the total area

that can be viewed, and typical B/T ratios using optical fibers for light collection are 10 to
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18.44%% ET_Raman has also been demonstrated for TRS measurements as the

throughput should be larger than a typical dispersive spectrometer. However, Pelletier et
al., using FT Raman for TRS, reported a 20 -100 times decrease in the transmission
Raman intensity compared to the backscatter intensity, citing self-absorption at near-

infrared (NIR) wavelengths and poor Raman collection efficiency.”

Recently, we demonstrated a new type of Fourier transform (FT) Raman
spectrometer, the spatial heterodyne Raman spectrometer (SHRS), that has very high
light throughput and a wide field-of-view.® The SHRS is well suited for measuring large
sample areas and could be useful for TRS measurements. Chapter 3 demonstrates TRS
using the SHRS and to make comparisons to a more conventional, high throughput

dispersive spectrometer.
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Figure 1.1: Energy-level diagram depicting: a. Rayleigh scattering, b. Stokes and c. anti-
Stokes. E,, Er, and E, are the energies of the laser, Raman scattering, and vibrational

mode, respectively.
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Figure 1.2: Schematic of SHRS. S is the incoming signal, L; & L, are Lenses, BS is the
beam splitter, G; & G, are gratings, and the CCD is the detector. The Littrow angle is 0y,
and F are laser-blocking and bandpass filters.
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Figure 1.3: Raman spectrum of potassium perchlorate measured using the SHRS, along

with the corresponding fringe pattern image and fringe pattern cross section produced by
binning the columns.
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Figure 1.4: Standoff Raman spectroscopy schematic. The laser light is directed to the
sample using mirrors M; and M,, and the Raman scattered light is collected by a
telescope and directed into a spectrometer using a coupling lens.
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CHAPTER 2

CHARACTERIZATION OF A VISIBLE SPATIAL HETERODYNE RAMAN

SPECTROMETER (SHRS) FOR STANDOFF DETECTION
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2.1 Abstract

A visible spatial heterodyne Raman spectrometer (SHRS) was demonstrated and
characterized for standoff detection at 4.5 meters. With this system, the field-of-view of
the SHRS was demonstrated to be ~1.8 - 2° corresponding to a spot size of ~74 - 80 mm
for a sample 4.5 m from the collection optics. Off-axis sample excitation was
demonstrated to be acceptable up to ~4 cm from the optical axis at 4.5 m, which relaxes
the laser pointing and sample position accuracy requirements for standoff Raman. 1D
standoff Raman imaging was also demonstrated using a cylindrical lens at the input of the
SHRS to spatially resolve a vertically layered sample on the CCD. The spectral resolution
of the imaged spectra in comparison to the non-imaging spectra for the same sample
remained the same, while the signal-to-noise ratio improved, with up to four times higher

SNR for particular bands. The spatial resolution was 280 mm at 4.5 m.
2.2 Indroduction

Raman spectroscopy is an inelastic scattering technique used to probe the
vibrational modes of a molecule, providing detailed information about the molecular
structure of the sample and a molecular “fingerptint”. As a scattering technique, Raman
spectroscopy offers analysis without sample preparation and has been demonstrated as a
valuable technique for analyzing organic and inorganic samples in bench-top and standoff
configurations.'” Raman spectroscopy is easily amenable to standoff detection as long as
the sample is within the line of sight of the collection optics, and standoff Raman

spectroscopy enables detection of inaccessible samples.
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A typical standoff Raman experiment is performed by using a laser to illuminate a
sample at a distance of tens to hundreds of meters, and the Raman scattered light is
collected by a telescope and directed into a spectrometer. Standoff Raman was first
described and demonstrated for atmospheric gas measurements,”® and was later extended
to measurements of inorganic and organic compounds using a portable Raman standoff
system developed for radioactive wastes analysis in underground storage tanks.” Other
recent advances in standoff Raman spectroscopy include: remote measurements up to

1500 m®; systems designed for planetary exploration’' and explosives detection'*"?;

gated detection for ambient light operations'*'®; and systems developed to take advantage
of the resonance enhancement and higher Raman cross sections in the deep-UV.'>'7*
Excitation at deep-UV wavelengths has been shown to provide Raman spectra free from
interference of longer wavelength fluorescence, which often plagues visible wavelength
Raman measurements.”* However, UV excited standoff Raman measurements require a
high resolution spectrometer capable of resolving the closely spaced Raman bands
observed in a narrow spectral range, and care must be taken to avoid laser-induced
photodegradation by utilizing low laser irradiance. Spectrometers with sufficiently high
spectral resolution for deep-UV Raman typically require large, high dispersion gratings
and long focal length optics, making the spectrometer large with low light throughput.
Therefore, conventional dispersive spectrometers will lose sensitivity when using wide

area laser beams to reduce sample irradiance, and due to the large size, high resolution

dispersive spectrometers are not ideal as portable instruments.

The spatial heterodyne Raman spectrometer (SHRS) is a compact, high resolution

instrument first described by Gomer et al. for visible Raman measurements,> and later
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extended for deep UV**?" and standoff UV Raman measurements.”® The SHRS is based
on a dispersive interferometer, similar in design to a Michelson interferometer with the
mirrors replaced by stationary diffraction gratings. The SHRS has no moving parts and
all wavelengths are measured simultaneously, which makes the system compatible with
pulsed lasers and gated detection. The SHRS does not require an entrance slit to maintain
high resolution and has a large angular field of view (FOV), making the optical Etendue
of the system profoundly larger than that of a conventional dispersive spectrometer. The
large Etendue of the SHRS allows wide area measurements to be made without losing
sensitivity or spectral resolution and sample photodegradation can be avoided by using
large laser spots on the sample. For standoff Raman measurements, the large entrance
aperture of the SHRS should reduce telescope alignment constraints and minimize laser
pointing stability issues, because small movements of the laser spot on the target do not
reduce the amount of light collected by the spectrometer, as recently demonstrated in our
lab for standoff LIBS measurements.”” There are no published quantitative studies to
measure the field-of-view (FOV) of the SHRS for standoff Raman, or the laser irradiance
and associated beam size necessary to reduce photodegradation. The work presented
quantifies the FOV (i.e. width of the area viewed) and beam diameter and laser irradiance
required to reduce photodegradation of sulfur, and also demonstrates 1D imaging using

wide area illumination.
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2.3 Experimental

2.3.1 SHRS

Figure 2.1 shows a schematic of the SHRS. The basic instrument design was

previously described.”*

The SHRS design used for this work consisted of a 25 mm cube
beam splitter (CM1-BS013, ThorLabs) and two 25 mm, 150 grooves/mm diffraction
gratings blazed at 500 nm. A grating mount (DGM-1; Newport Corp.) was used to
manually control the grating rotation angle to precisely set the Littrow wavelength. A 105
mm focal length, /2.8 lens (AF Micro-Nikkor; Nikon) was used to image the gratings at
unity magnification onto a liquid nitrogen cooled charge-coupled device (CCD) detector
with 1340 X 1300, 20 micron pixels (VersArray; Princeton Instruments). The fringe
pattern was recorded on the CCD using Winspec (32-bit, version 2.5.22.0), and data

processing was performed using Matlab (MathWorks, version R2013a) and IGOR Pro

(WaveMetrics, version 6.03A2) software.

A 532 nm diode-pumped continuous wave (CW) laser (Millennia Pro 2s; Spectra-
Physics) was used as the excitation source for all spectra presented, and was also used to
set the Littrow angle of the gratings to 532 nm. Raman light was collected from the
remote sample using a 60 mm diameter, 490 mm focal length achromatic lens (L)),
collimated to a 25 mm beam using an achromatic, 250 mm focal length, 50.8 mm
diameter, MgF, coated lens (PACO088; Newport Corp.)(L,) and directed into the SHRS.
For 1D imaging, L, was replaced by a 200 mm focal length, 25.4 mm diameter
achromatic lens (lens info), and an additional 400 mm focal length, 30 mm high plano
convex cylindrical lens (lens info) was placed in the collimated input beam. The

collimated light was filtered using various combinations of three filters: a 600 nm short-
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pass filter (10SWF-600-B; Newport Corp.) to block out-of-band light, and a 532 nm
long-pass filter (LP03-532RE-25; Semrock) and 532 nm holographic filter (Supernotch;
Kaiser Optical Systems Inc.) for laser line rejection. Filters limited the aperture to 22.8

mm.

2.3.2 Samples

Sulfur, potassium perchlorate, sodium nitrate, sodium nitrite, sodium sulfate, and
ammonium nitrate were purchased from Sigma-Aldrich at 99%+ purity and used “as is.”
Potassium nitrate, 99+%, was purchased from Mallinckrodt Chemical. Calcite, a-quartz,

gypsum, and olivine were natural rock and mineral samples.

2.4 Results and Discussion

2.4.1 SHRS

The SHRS is based on a dispersive interferometer, similar to a Michelson
interferometer with stationary gratings used in the place of moving mirrors, see Figure
2.1. The Raman signal from the sample is collimated and directed into the interferometer,
split into two beams, and directed to the gratings in each arm of the interferometer. The
gratings are tilted to a specific angle, the Littrow angle 0y, so that at the Littrow
wavelength the light is exactly retro-reflected. All other wavelengths are heterodyned to
the Littrow wavelength and form an interference pattern. The interference pattern is

imaged onto a CCD to produce a fringe image.*>*

The fringe pattern is summed in the
vertical direction into a fringe cross section and taking the Fourier transform of the fringe

pattern cross section recovers the Raman spectrum. The number of fringes observed is

defined by:
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JS=4(c —op)tanf. Equation 2.1

where f'is fringes per centimeter, ¢ is the wavenumber of the Raman band, and oy, is the
Littrow wavenumber. The intensity of the fringe pattern is a function of position x, given

by:
I(x) = [ B(o){1 +cos[8r(0 - 0, )xtand), }do Equation 2.2
0

where B(o) is the input spectral intensity, and the Fourier transform of /(x) yields the

Raman spec‘ururn.3 0-33

Unlike a dispersive spectrometer, the SHRS entrance aperture does not strongly
affect the resolution of the spectrometer. So large apertures can be used giving very high
throughput with high spectral resolution without loss of spectral resolution. The resolving
power (R) of the SHRS is equal to the number of grooves illuminated on the gratings,
about 6800 for the system used here, giving a 2.6 cm™ theoretical spectral resolution.*
The spectral resolution of the SHRS was measured using a low pressure Hg lamp to be
~8 cm™. Factors that affect the resolution include camera focusing, collimation of the
input beam, and the quality of the gratings and imaging optics. The spectrometer
throughput, or Etendue, is the product of the area viewed and the collection solid angle.

The collection solid angle of the SHRS, g, is defined in Equation 3.3
Qg =2m/R Equation 2.3

For the system used here, the collection solid angle is about 9.2 x 10 sr, giving an
acceptance angle of ~3 x 107 radians (i.e. 1.7°). The width of the area viewed for standoff

Raman is the product of the instrument acceptance angle, a, and the distance, d, to the
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sample. Therefore, the calculated width of the area viewed with the optical set up

described here and for a sample at a distance of 4.5 is ~66 mm.
2.4.2 Representative Raman spectra

One of the primary motivations for developing the SHRS is for planetary
exploration. Figure 2.2 shows Raman spectra of some types of samples that might be
relevant for Mars exploration (i.e. minerals, rocks, water, and ice).'' The Raman spectra
of calcite, a-quartz, olivine, and gypsum were measured using the SHRS with the sample
at a distance of 4.5 meters using the 60 mm collection lens. The measured spectral
resolution for the sample Raman bands ranged from 8.8 to 16.4 cm™'; a little larger than
the measured resolution of the instrument. The measured spectra match well to Raman
spectra reported for similar samples in the literature. The symmetric breathing vibration
of carbonate at 1086 cm™ is most prominent Raman band in the calcite spectrum.*® The
Raman spectrum of quartz displayed the silica symmetric vibrational modes at 210, 357,
and 468 cm™' characteristic of low temperature phase a-quartz.>> Olivines are silicate-
based minerals, and the silicate Raman bands present in the spectrum are the stretching
combinations at 821 and 854 cm™, the anti-symmetric stretches at 919 and 960 cm™ >
The gypsum (CaSO4 * 2H,0) Raman spectrum has six characteristic Raman bands of the
sulfate ion: the symmetric stretch at 1008 cm™, anti-symmetric bending at 412 and 495

cm’', anti-symmetric stretch at 1135 cm™, and anti-symmetric bending at 613 and 672 cm®

137

All four spectra show some degree of luminescence from impurities, and no

spectral background subtraction was used to remove this. Signal-to-noise ratios in the
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Raman spectra are 85, 325, 38, and 179 for the strongest bands shown of the calcite, a-
quartz, olivine, and gypsum samples, respectively. The interferogram for each sample is
shown as an inset in Figure 2.2. The quality of the interferogram is given by the fringe
visibility (FV), which is defined by Equation 4. The FV for the samples shown was 0.11,
0.17, 0.26, and 0.23 for the calcite, a-quartz, olivine, and gypsum samples, respectively.

The FV was mainly limited, for the SHRS described, by high levels of stray light.
FV = (Imax'Imin)/ (Imax+Imin) Equation 2.4

Figure 2.3 shows the Raman spectra of a 2.2 x 10~ M sodium sulfate solution
measured with the SHRS as a room temperature liquid (lower) and frozen at ~77 K
(middle), as well as solid sodium sulfate (top). The ice sample was frozen and kept cold
using liquid nitrogen, and both the ice and water solutions were 70 mm thick. All Raman

3739 and there are

bands present in the spectra are internal vibrations of the sulfate ion,
clear differences in the number of Raman bands present, the exact wavenumber position,
and resolution. The spectral resolution for the sulfate Raman band was ~10 cm™ for the
solid and frozen solution and 12.6 cm™ for the liquid solution. The observed broadening
and downshift in the Raman bands, 992, 973, and 980 cm™ for the solid, frozen solution,
and liquid solution, respectively, is consistent with increasing hydration.”® The
differences observed in the spectra can be used to discriminate different phases, forms,

38-42

and temperature of a sample, which makes Raman spectroscopy a useful technique

for planetary exploration.
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2.4.3 Width of area viewed and off-axis detection at 4.5 meters

The wide acceptance angle of the SHRS allows wide area measurements to be
made without losing sensitivity or spectral resolution, unlike a slit-based dispersive
spectrometer that requires all light to enter through a narrow slit to maintain high spectral
resolution. Although measurements with large laser beam diameters have been

demonstrated using an SHRS,> 2728

the laser spot sizes were never close to limit of the
width of area viewed by the SHRS. Therefore, measurements were made at the limit of

the theoretical width of the area viewed, ~66 mm with current optical set up at 4.5 m.

Figure 2.4 demonstrates the width of the area viewed by the SHRS using a solid
10 cm diameter sulfur sample located 4.5 m from the collection optics. Raman spectra
were measured as the size of the laser spot on the sample was varied from ~200 um to
~50 mm. The inset shows a Raman spectrum for each beam size measured. The size of
the laser spot on the sample was measured using a razor edge to block the beam as the
power was measured. The diameter of the beam was taken as the distance between the
5% and 95% values in the fitted curve. In Figure 2.4, the intensity of the sulfur 219 cm’!
Raman band is plotted against the measured beam diameter to determine the width of the

area viewed by the SHRS.

The plot shows a slight decrease in intensity as the beam diameter is increased, as
expected with any spectrometer measuring off-axis light. The beam expander used
limited the largest beam size to ~50 mm, so the width of area viewed could not be fully
tested by expanding the beam up to and beyond the theoretical width of area viewed.

However, the data shows the width of the area viewed by the current optical set up is at
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least ~50 mm without a loss in Raman signal, and to test the limits of the width of the

area viewed, another method was used.

In Figure 2.4, the spectra do not show any band broadening as the laser spot size
is increased up to ~50 mm, which demonstrates the capability of the SHRS to measure
large diameter beams with no loss in spectral resolution. Some spectra show a one pixel
shift in the maximum Raman band intensity, but the occurrence seems to be random and

not related to the laser spot size.

Another way to test the width of area viewed by the SHRS is to measure the
Raman signal as the laser spot is moved off the optical axis. The measured quantity in
this experiment is the radius of the width of the area viewed; therefore, the result must be
doubled to determine the full width of the area viewed. Figure 2.5 demonstrates the width
of the area viewed, as well as the off-axis capability of the SHRS for a KClO4 powder
sample at a distance of 4.5 m, with a laser spot size of ~2 mm. The sample and laser were
positioned on the optical axis, and moved in 0.5 cm increments in the horizontal
direction. The experiment was also performed, by using a 10 cm diameter Na,SO4 sample
and only moving the laser away from the optical axis in 0.6 cm increments, to verify the
results. Note: During the off-axis experiment using the Na,SO4 sample, a 9 mm aperture

was used as a spatial filter, see Figure 2.1.

Figure 2.5 shows the average baseline-subtracted intensity of the 942 cm™ Raman
band for KClO, (left axis) versus the distance of the sample and laser from the optical
axis, as well as the 992 cm™ Raman band for Na,SO, (right axis) versus the distance of

the laser from the optical axis. The Raman spectra of the Na,SO4 and KClO; are inset in
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Figure 2.5. The distance at which the Raman intensity drops to 1/e of the maximum
intensity for the Na,SO,4 and KClOy4 is ~37 and 40 mm, respectively, from the optical
axis, which corresponds to a ~74 - 80 mm width of area viewed and an angular FOV of
~1.8 - 2°. Although the amount of tailing is lower for the Na,SO4 curve due to the spatial

filter in place, the experimental results were the same for both experiments.

There is a slight intensity increase around 1 cm in Figure 2.5, which is consistent
with results obtained using spatially resolved spectroscopy for highly scattering samples
as described by Oelkrug, et al.*™** Diffuse laser and Raman scattering in the sample
generates Raman photons over a larger area than that illuminated by the excitation laser,
which increases the sampling area. The diffuse scattering can lead to stronger Raman
signals coming from a sample region slightly shifted from the point where the sample is
illuminated by the laser.”** As the laser moves further from the optical axis, the signal
begins to decrease even though the width of the area viewed limit has yet to be reached,
because the diffusely scattered Raman begins to move outside the collection area of the
SHRS. Off-axis detection increases the tolerance in laser pointing stability and accuracy,
as well as makes aligning the optical axis of the spectrometer precisely on the sample

much more
2.4.4 Reducing photodegradation using large laser spot sizes to reduce irradiance

As demonstrated above, the SHRS offers the unique capability of measuring
samples with wide area illumination without loss of sensitivity or spectral resolution.
Using larger laser spots on the sample leads to reduced laser irradiance without a loss in

laser power or Raman signal, which can be used to avoid photodegradation. Using larger
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beams to reduce photodegradation has been demonstrated previously using the SHRS. >
However, the previous studies did not quantify the beam size or irradiance necessary to

reduce photodegradation.

Figure 2.6 shows a plot of the 219 cm™ sulfur Raman band intensity as a function
of laser power, using different laser spot sizes, and thus different sample irradiance (the
curves are offset for clarity). The laser irradiance on the sample for the 0.25, 3, 19, and 64
mm beam was 240-2400, 1.7-17, 0.043-0.42, and 0.0037-0.037 W/cm?, respectively. The
sample was moved between each measurement for the 250 mm and 3 mm beams. At the
larger beam sizes, the Raman intensity increases in proportion to the laser power increase,
indicating there is no sample degradation. Whereas, the smaller spot size curves are
nonlinear indicating sample degradation. The results confirm that as the beam diameter is
increased, the laser irradiance on the sample decreases, reducing sample
photodegradation and suggests an irradiance of ~0.42 W/cm® or less as to avoid
photodegradation for sulfur. The wide FOV makes the SHRS uniquely suited to this type

of measurement.
2.4.5 1D Imaging using a SHRS

Raman imaging is a powerful technique to look for heterogeneities in a sample or
to look at mixed samples. For example, the spatial distribution of the heterogeneities in a
geological sample can provide information about how the geological samples were
formed.* The SHRS is well suited to Raman imaging, and Smith, et al described several
approaches to imaging with the SHS.** For 1D SHRS imaging, a cylindrical lens is added

to the collection optics to focus an image of the sample onto the gratings in the vertical
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direction. In the SHRS, the gratings, along with the sample image are imaged onto the
CCD. The optical set up is similar to that in Figure 2.1, except L, was replaced by a 200
mm focal length, 25.4 mm diameter achromatic lens, and a 400 mm focal length, 30 mm
high cylindrical lens was placed between the L, and the grating to image the scene onto

the grating.

To test 1D Raman imaging with the SHRS, a mixed sample was constructed by
vertically stacking three 1 cm cuvettes containing KCIO4, NH4sNOs3, and a NaNO3/NaNO,
mixture. The samples were all simultaneously illuminated using a 3.5 - 4.0 cm laser spot.
Figure 2.7 (inset) shows Raman images of the sample without the use of the cylindrical
imaging lens (lower inset), and a 1D image using the cylindrical imaging lens (upper
inset). The collimated Raman spectrum (lower) clearly shows all four components with
good resolution. The top three Raman spectra show the resolved individual components,
where each spectrum was extracted from the top, middle, and lower portions of the 1D
Raman image by vertically binning the rows corresponding to the three cuvettes. Rows
one, two, and three in Figure 2.7 are the spectra of KC104, NH4NO3, and the
NaNO;/NaNO, mixture, respectively. The collimated input beam spectrum is a
combination of all four components, since the Raman information is not spatially
resolved in any direction. The spectral resolution, ~8 - 13 cm™, was the same for both
types of measurements. Spectral resolution is directly proportional to the number of
grating grooves illuminated, and the same number of grooves is illuminated using either
the collimated beam or the cylindrical lens. More importantly, the signal-to-noise ratio
(SNR) of the Raman spectra obtained using the 1D Raman image is up to four times

higher than without imaging, for the major Raman bands. SNR for the collimated beam
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input spectra were 104, 289, 129, and 12 for the 942, 1043, 1068, and 1325 Raman bands
of KC104, NH4NO3, and the NaNO3/NaNO; mixture, respectively, and the SNR for the
imaged spectra were 402, 463, 415, and 30 for the 942, 1043, 1068, and 1325 Raman
bands of KClO4, NH4NOs3, and the NaNO3/NaNO, mixture, respectively. SNR
improvement is attributed to the decreased number of Raman bands present in each
spectrum obtained from the 1D Raman image, because in an interferometer, noise in all

bands is distributed equally across the spectrum.”

The 1D imaging spatial resolution was also determined by measuring a sample
using wires of known thicknesses positioned on top of the sample, and the thinnest wire
observable in the image was taken as the spatial resolution. The spatial resolution
measured for the 1D images of samples at a distance of 4.5 m was ~280 wm; lower spatial
resolution may be necessary to spatially resolve heterogeneities in geological samples™
and can be achieved by using a CCD with smaller pixels, or by changing the

magnification of the imaging or collection optics.
2.6 Conclusion

A spatial heterodyne Raman spectrometer has been used to measure rock samples,
as well as liquid and 77 K frozen solutions, at distance of 4.5 meters. The width of the
area viewed by the SHRS at this distance was found to be ~74 - 80 mm, corresponding to
a FOV of 1.8 - 2.0°. The wide area measurement capability of the SHRS was used to
demonstrate decreased sample photodegradation by using very large laser spots on the
sample, without loss of signal or decreased spectral resolution. 1D Raman imaging using

the SHRS was demonstrated and shown to provide better signal-to-noise ratio spectra
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than spectra measured without imaging. Improved SNR using 1D imaging is the result of
spatial separation of the signal from different samples, which reduces the contribution of
noise from adjacent samples. The spatial resolution of the SHRS when used for 1D

imaging at 4.5 m was ~280 wm.
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SHRS:

Figure 2.1: SHRS schematic- The Raman light collected by L; is focused down and re-
collimated by L, and directed into the entrance aperture (A.). The light is split 50/50 by
the beam splitter (BS). The gratings (G) disperse the light back towards the beam splitter,
where the wavefronts recombine. The imaging lens (I) images the gratings onto the CCD
detector. SF is a spatial filter, variable in size, used in some of the experiments.
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Figure 2.2: Raman spectra and corresponding fringe cross sections of rock samples
measured with the SHRS using a 2 W, 532 nm laser at 4.5 m. The top two spectra, calcite
(a.) and quartz (b.), were measured for 30 sec. acquisition time. The lower two spectra,

gypsum (c.) and olivine (d.), were measured for 60 sec. and 90 sec. acquisition time,
respectively.
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Figure 2.3: Raman spectra of solid sodium sulfate (top) and a 2.2 x 10~ M sodium sulfate
solution measured with the SHRS as a liquid (lower) and frozen at 77 K (middle), offset

for clarity. Spectra measured for 90 and 30 second acquisition times for the solutions and
solid, respectively, using 532 nm laser at ~2 W power.
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Figure 2.4: Plot of Raman intensity of the 219 cm™ sulfur band as beam diameter is
increased from ~200 mm to ~50 mm. The Raman spectra were measured with a 532 nm
laser at 200 mW for a 10 sec. acquisition time. The upper right inset are the Raman
spectra of sulfur, one spectrum for each beam size measured.
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Figure 2.5: Plot of the Raman intensity of potassium perchlorate (triangles, left axis) and
sodium sulfate (circles, right axis) as the laser is moved away from optical axis. Inset is
Raman spectra of potassium perchlorate (lower) and sodium sulfate (top), offset for
clarity. Raman spectra of potassium perchlorate in a 1 cm cuvette were measured using a
532 nm laser at ~700 mW for 15 sec. acquisition time. Raman spectra of a 10 cm
diameter sodium sulfate sample were measured using a 532 nm laser at ~1.5 W for 30

sec. acquisition time.
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Figure 2.6: Plot of the Raman intensity of the 219 cm™ sulfur band as laser power is
varied using various laser beam diameters. The 0.25 (triangle) and 3 (diamond) mm

beams presented signs of photodegradation, but the 19 (square) and 64 (circle) mm beams
were free of photodegradation. Plots offset for clarity.
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Figure 2.7: Raman spectra using a cylindrical lens for imaging and a collimated input
beam for non-imaging were measured using ~1.15 W, 532 nm laser power illuminating
the sample with a 3.5-4 cm beam diameter. The sample consisted of three vertically
stacked 1 cm cuvettes containing KC104, NH4NO3;, and a NaNO3;/NaNO, mixture. The
Raman spectra labeled Cylindrical Rows 1-3 correspond to the three distinct rows in
CCD image on the right measured with the cylindrical lens (a.). The Raman spectrum
labeled Collimated corresponds to the CCD image on the right measured with the
collimated beam (b.).
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3.1 Abstract

A spatial heterodyne Raman spectrometer (SHRS) was used to measure
transmission Raman spectra of highly scattering compounds. Transmission Raman
spectral intensities of ibuprofen were only 2.4 times lower in intensity than backscatter
Raman spectra. The throughput was about eight times higher than an {/1.8 dispersive
spectrometer, and the width of the area viewed was found to be seven to nine times
higher, using 50.8 mm and 250 mm focal length collection lenses. However, the signal-
to-noise ratio was two times lower for the SHRS than the /1.8 dispersive spectrometer,

apparently due to high levels of stray light.
3.2 Introduction

Transmission Raman spectroscopy (TRS) provides nondestructive, noninvasive,
and unique molecular identification of the bulk contents of a heterogeneous sample.'>
TRS has been shown to be a useful technique in various areas of research such as cancer
diagnostics,’ pharmaceutical qualification and quantification,” and process control
applications.” Stone and Matousek demonstrated the ability to distinguish between benign
and malignant markers of breast cancer tumors at clinically relevant depths using TRS.’
Eliasson et al. conducted feasibility studies using TRS for quantitative analysis of
pharmaceutical samples. The work demonstrated TRS, in combination with
chemometrics, could be used to measure the active pharmaceutical ingredient
concentration with ~1-2% relative error despite strong Raman signals from the capsule
shell.* Macleod and Matousek reviewed TRS studies pertaining to using TRS for process

control of pharmaceutical products.’ The review describes how TRS can be used for fast,
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quantitative, nondestructive process control measurements with high specificity of the

bulk components for heterogeneous samples.

The TRS technique takes advantage of the diffuse scattering of Raman photons
through a sample to increase the Raman signal from the bulk relative to the surface (i.e.
reduced sub-sampling). Sub-sampling is the bias to surface layer constituents in
backscatter Raman of highly scattering samples, which limits the ability to use
backscatter Raman to obtain spectra that are representative of the bulk for highly
scattering samples. In TRS, diffuse scattering of light increases interactions within the
sample leading to spectra that are more representative of the bulk. However, this comes

at the price of reducing the Raman signal compared to backscatter Raman.

In TRS, Raman scattered photons exit the sample in a very large area, in a spot
about 6 times the sample thickness.® Typical dispersive spectrometers have small
entrance slits and are not efficient at collecting light from a large area sample, which
leads to low collection efficiency and reduced sensitivity in TRS in comparison to
backscatter Raman. The backscatter/transmission (B/T) ratio is a measure of signal loss
and is typically a large number for TRS, 10-100."**’ To increase the sensitivity in TRS
measurements, signal enhancement techniques can be employed or the collection area can
be increased. Signal enhancement has been achieved through the use of unidirectional
coupling mirrors to recycle the Raman and laser photons lost on the non-collection sides

10-11

of the sample. Most TRS studies have used fiber optic bundles to increase the

collection area, but the small diameter of the fibers still limits the total area that can be
g 1412

viewed, and typical B/T ratios using optical fibers for light collection are 10 to 1

FT-Raman has also been demonstrated for TRS measurements as the throughput should
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be larger than a typical dispersive spectrometer. However, Pelletier et al., using FT
Raman for TRS, reported a 20 -100 times decrease in the transmission Raman intensity
compared to the backscatter intensity, citing self-absorption at near-infrared (NIR)

wavelengths and poor Raman collection efficiency.’

Recently, we demonstrated a new type of Fourier transform (FT) Raman
spectrometer, the spatial heterodyne Raman spectrometer (SHRS), that has very high
light throughput and a wide field-of-view."® The SHRS is well suited for measuring large
sample areas and could be useful for TRS measurements. The purpose of this paper is to
demonstrate TRS using the SHRS and to make comparisons to a more conventional, high

throughput dispersive spectrometer.
3.3 Experimental
3.3.1 SHRS

Figure 3.1 (top) shows a schematic of the SHRS. The basic spectrometer design
has been previously described.”'° For TRS, the SHRS uses a 25 mm cube beam splitter
(CM1-BS013, ThorLabs) and two 25 mm, 150 grooves/mm gratings, blazed at 500 nm. A
grating mount (DGM-1; Newport Corp.) was used to manually control the grating
rotation and tilt, to precisely set the Littrow wavelength. A 105 mm focal length, /2.8
lens (AF Micro-Nikkor; Nikon) was used to image the gratings at unity magnification
onto a liquid nitrogen cooled charge-coupled device (CCD) detector with 1340 x 1300,
20 micron pixels (VersArray; Princeton Instruments). The CCD fringe image was
recorded using Winspec (32-bit, version 2.5.22.0), and data processing was performed

using Matlab (MathWorks, version R2013a) and IGOR Pro (WaveMetrics, version
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6.03A2) software. In some cases, additional images were used for background corrections

of the fringe images. This has been described previously.'*

A 532 nm diode-pumped continuous wave (CW) laser (Millennia Pro 2s; Spectra-
Physics) was used as the excitation source for all SHRS spectra presented, and was also
used as a reference wavelength to set the Littrow angle of the gratings to 532 nm. Raman
light was collected from the sample and directed into the SHRS using either an {/5
achromatic, 50.8 mm diameter, 250 mm focal length, MgF, coated lens (PACO8S;
Newport Corp.) or an f/2 achromatic, 25 mm diameter, 50.8mm focal length, MgF,
coated lens (49766; Edmund Optics), L; in Figure 3.1. The collimated light was filtered
using various combinations of three filters: a 600 nm short-pass filter (10SWF-600-B;
Newport Corp.) to block out-of-band light, and 532 nm long-pass (LP03-532RE-25;
Semrock) and 532 nm holographic filters (Supernotch; Kaiser Optical Systems Inc.) for

laser line rejection. These filters limited the SHRS aperture to 22.8 mm.
3.3.2 Kaiser Holospec

The Kaiser Holospec {/1.8 Holographic Imaging spectrometer (Kaiser Optical
Systems Inc.) is a very fast, commercially available visible Raman spectrometer and is
used as a “worst case” comparison for the SHRS. The spectrometer was equipped with a
low frequency 532 nm Stokes grating (HSG-532-LF; Kaiser Optical Systems Inc.) giving
a spectral range of 50-2400 cm™' with linear dispersion of 3.1 nm/mm. The slit width was
either 25 or 100 mm giving a nominal spectral resolution of 3-11 cm™. For the Holospec
field-of-view measurements, a ~150 mW, 532 nm diode laser (Solid state DP55L) was

used, whereas for throughput and signal-to-noise studies the Spectra Physics laser was
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used. As shown in Figure 3.1 (Lower), a 25 mm diameter, f/2 achromatic focusing lens
was used to f/# match the Kaiser spectrometer. Collection lenses were identical to those
used in the SHRS set-up. Note: for both the dispersive and SHRS instruments, when the
larger diameter, longer focal length lens was used for light collection, about the same
amount of light was lost to the spectrometer, by coupling mismatch to the 25-mm
diameter focusing lens, in the case of the dispersive system, or coupling to the 22.8 mm
aperture of the SHRS. Since the mismatch is the same for both spectrometers, it should
not affect the results. With the dispersive instrument, a thermo-electrically cooled CCD
detector with 1340 x 400, 20 micron pixels (Pixus 400; Princeton Instruments) was used.

Spectra were collected and analyzed with Winspec, Matlab, and IGOR Pro software.

3.3.3 Samples

Potassium perchlorate, sodium nitrate, sodium nitrite, and ammonium nitrate were
purchased from Sigma-Aldrich at 99%+ purity and used “as is.” Acetaminophen (Good
Sense®, Extra Strength 500 mg caplets) was purchased as an over-the-counter
pharmaceutical, and the thin coating was scraped off before analysis in the hopes of
reducing fluorescence from the coating. Removing the coating was later found to have
little effect on fluorescence in the Raman spectrum. Ibuprofen, 99%, was purchased from
Acros Organics. Ibuprofen and perchlorate pellets were made by grinding the samples
using a mortar and pestle, then pressed with a hydraulic pellet press (Carver Laboratory

Equipment, model 3912) with a 13 mm stainless steel pellet dye.
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3.4 Results and discussion
3.4.1 SHRS

The SHRS is similar to a Michelson interferometer with stationary gratings used
in the place of moving mirrors, see Figure 3.1. The Raman signal from the sample is
collimated and directed into the interferometer, where it is split into two beams and
directed to the gratings in each arm of the interferometer. The gratings are tilted at a
specific angle, the Littrow angle 0y, so that at one wavelength (i.e., the Littrow
wavelength) the light is exactly retro-reflected. All other wavelengths are heterodyned to
the Littrow wavelength and form a wavelength dependent interference pattern of vertical

1718 The columns of the fringe image are typically

fringes which is imaged onto the CCD.
integrated to make the fringe cross section, and the Fourier transform of the fringe cross

section produces the Raman spectrum. In the interferogram, the fringe spacing is defined

by:
Jf=4(c —op)tan O Equation 3.1

where f'is in fringes per centimeter, ¢ is the wavenumber of the Raman band, and oy, is
the Littrow wavenumber. The intensity of the fringe pattern is a function of position x on

the detector, given by:
I(x) = [ B(@){1+cos[8n(0~0,)xtan, 1}do Equation 3.2
0

where B(o) is the input spectral intensity at wavenumber o, and the Fourier transform of

I(x) yields the Raman spectrum.'”?
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Unlike a dispersive spectrometer, the resolution of the SHRS is not a strong
function of the entrance aperture. So large apertures can be used to provide very high
throughput, without sacrificing spectral resolution. The resolving power (R) of the SHRS
is equal to the total number of grating grooves illuminated, about 6840 for the system
used here with a 22.8 mm clear aperture (limited by the filters). The resolving power
gives a nominal 2.6 cm™ spectral resolution,'” about the same as the f/1.8 spectrometer
with 25 mm slit. The spectral resolution of the SHRS was measured with a Hg lamp to be
~8 cm™'. The resolution of the SHRS can be affected by non-optimal camera focusing,
poor collimation of input beam, optical defects in gratings, and poor quality imaging

optics.

The Etendue of a spectrometer is a function of the area viewed and the collection

solid angle. The collection solid angle of the SHRS, Q, is defined in Equation 3.
Qg = 2m/R Equation 3.3

For the system used here, the collection solid angle is about 9.2 x 10 sr, giving an
acceptance angle (or field of view, FOV) of ~3 x 107 radians (i.e. 1.7°). For small angles,
the width of the area viewed by the SHRS is the product of the instrument acceptance
angle and the distance to the sample. Thus, for the 250 mm and 50.8 mm focal length
lenses, the width of the area viewed on the sample would be 7.6 mm and 1.5 mm,
respectively. The Etendue of the SHRS with a 22.8 mm aperture is then 0.38 mm?-sr. For
the /1.8 dispersive spectrometer with a 25 mm slit, the Etendue is 0.048 mm”-sr, about 8

times lower than the SHRS.
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3.4.2 Representative TRS spectra measured with the SHRS

Figure 3.2 shows transmission Raman spectra measured using the SHRS of some
highly scattering samples, an over-the-counter acetaminophen tablet, ammonium nitrate,
sodium nitrate/sodium nitrite mixture, and potassium perchlorate, as well as the
corresponding fringe image cross sections for each sample (upper left inset). The TRS
spectra of the unground salts were measured with the samples in 1 cm quartz cuvettes.
The over-the-counter acetaminophen tablet was measured as-is, after scraping off the thin
coating. The measured spectral resolution for the sample Raman bands ranged from 8.4 to

10 cm™; a little larger than the measured resolution of the instrument.

The fringe visibility (FV, see Equation 4) of the interferograms shown in the inset
are ~0.10, 0.17, 0.18, and 0.36 for the acetaminophen, ammonium nitrate, sodium
nitrate/sodium nitrite, and potassium perchlorate, respectively. Fringe visibility is a
measure of the modulation efficiency of the interferometer and low values can indicate
poor interferometer alignment or high levels of background light outside the range of the
interferometer. Low FV can also be the result of nonuniform illumination on the CCD,
and this can be corrected by flat field corrections. However, no flat field or any other
corrections were done to the images for the data shown. The indicated values are less
than typical FV values reported for visible FT Raman systems, suggesting high

background light and non-optimal alignment of the SHRS interferometer.”'
FV = (Imax - Imin)/ (Imax+Imin) Equation 3.4

High levels of background light in the SHRS seem to be the main source of the

relatively low FV values measured. Background sources can include unblocked ambient
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room light, sample fluorescence, and unblocked laser light. Ambient light was eliminated
by making the measurements in a dark room. Fluorescence was not observed in the
Raman spectra of the high purity salt samples. However, the acetaminophen spectrum
shows some fluorescence, which is not uncommon for organic samples measured using a
532 nm laser. The high background in the fringe cross sections is likely from unblocked
laser light scattering inside the instrument and reaching the detector. Poor fringe visibility
increases noise in the SHRS spectra and is a current limitation of the SHRS used for these

studies.
3.4.3 Backscatter/transmission comparison

The sample arrangements for transmission (a) and backscattered (b) Raman
measurements are shown in Figure 3.1. In TRS, the laser is brought in from the backside
of the sample, and laser and Raman photons are scattered diffusely through the sample
and collected on the opposite side. The TRS sampling geometry averages the Raman
signal from all depths in the sample and reduces surface layer bias. For highly diffuse
scattering samples, TRS can lead to reduced scattered laser light in the Raman

1,22
spectrum. °

Figure 3.3 shows backscatter and transmission Raman spectra of a 13 mm
diameter, 4.36 mm thick ibuprofen pellet measured with the SHRS. The measured
vibrational frequencies in the Raman spectra shown match the theoretical and

123

experimental data of Jubert, et al.”” The transmission Raman intensity was found to be

only 2.4 times lower than the backscatter Raman intensity. This B/T ratio is much smaller
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than typical values reported for TRS which range from 10 to 100."**’ The smaller ratio

reported here results from the larger field-of-view of the SHRS.
3.4.4 Width of the area viewed

Figures 3.4 and 3.5 show the experimentally measured width of the area viewed
by the SHRS and the /1.8 dispersive system using 250 mm and 50.8 mm focal length
collection lenses, respectively. The width of the area viewed was determined by moving a
razor edge across the sample and measuring the Raman intensity of the sample at each
position. The diameter of the area viewed was taken as the distance between the 5% and
95% values in the fitted curve. A 7 mm thick x 13 mm diameter KCIO4 pellet was used
for these measurements, except for the SHRS 250 mm focal length lens experiment,
where the powder sample was held in a 10 mm cuvette. The diameter of the illuminated
spot on the samples, facing the spectrometer, was larger than the area viewed by either
spectrometer. A 100 um slit was used in the dispersive spectrometer for these studies to
achieve the largest possible area viewed, for a “worst case” comparison to the SHRS.
With a 100 um slit, the spectral resolution of the dispersive system is ~10 cm™, and the
calculated width of the area viewed, with 250 mm and 50.8 mm focal length lenses,

should be 500 um and 100 wm, respectively.

The measured width of the area viewed by the SHRS was 7.2 mm and 1.3 mm
with the 250 mm and 50.8 mm focal length lenses, respectively, very close to the
predicted values of 7.6 and 1.5 mm. The width of the area viewed by the dispersive
system was 840 um and 180 um with the 250 mm and 50.8 mm focal length lenses,

respectively, about twice the predicted values. The difference in the width of the area
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viewed for the dispersive system is attributed to the thickness and misalignment of the
razor edge at the sample surface. These errors are more pronounced in the dispersive
spectrometer, because the width of the area viewed is very small. Therefore, the
measured width of the area viewed by the SHRS is about nine and seven times larger than
the width of the area viewed by the /1.8 dispersive spectrometer, using 250 mm and 50.8

mm focal length lenses, respectively.
3.4.5 Throughput

As shown above, the Etendue of the SHRS is about eight times larger than the
dispersive spectrometer, assuming the entire 8 mm high slit of the dispersive
spectrometer is illuminated. Figure 3.6 shows Raman spectra of ibuprofen, five measured
with the SHRS and five measured with the /1.8 dispersive system, using identical
collection optics. The reproducibility and SNR are so high that each of the five overlap
exactly on this scale. The dispersive spectrometer slit width was set to 0.025 mm to
match the resolution of the SHRS. For these measurements, all experimental parameters
were the same except for the CCD gain, which was 1 and 4 photoelectrons/count for the
dispersive system and the SHRS, respectively. In the inset, the spectra are shown over the
full wavelength range, and the SHRS spectral intensity is shown multiplied by 4 to
compensate for lower CCD gain. The average baseline subtracted peak intensity (i.e.
counts) for the 830 cm™ band of ibuprofen was two times higher for the SHRS than the
dispersive system (the area of the bands gave similar result). Correcting for the lower
gain of the SHRS detector, the measured light throughput of the SHRS was about eight

times larger than the dispersive system, which matches the calculated values.
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3.4.6 Signal-to-noise

Using the 830 cm™ Raman band of ibuprofen in the spectra shown in Figure 3.6,
the signal-to-noise ratio (SNR) was compared for both systems. It is difficult to compare
absolute values of SNR between the two systems, because the noise is distributed
differently. To compare relative noise levels, the ratio of replicate spectra for each system
were compared (solid and dashed lines, labeled Ratios in Figure 3.6). The magnitude of
the noise in the ratio spectra was 4-5 times higher for the spectra measured using the
SHRS than the dispersive system. But the signal was ~2 times higher using the SHRS
system, thus the SNR was about 2-2.5 times higher using the dispersive system. The
throughput of the SHRS was 8-9 times higher than the dispersive system, and this might
be expected to lead to a higher SNR, of ~3. The actual SNR of the SHRS is lower for a
couple of reasons. For one thing, the FV of the system was lower than expected because
of high background light. As shown in the Figure 3.2 inset, only a small part of the total
collected light contributed to the interferogram, ~ 4% in the case of the potassium
perchlorate spectrum. The remaining ~ 96% still contributes to noise in the spectrum. If
the background could be reduced to zero, the SNR could potentially be improved about
five-fold. Another reason for lower than expected SNR in the SHRS has to do with the
large number of Raman bands in the spectra that were used for comparison. The area of
the 830 cm™ band is about 10% of the integrated area of all the bands in the spectral
region shown. This is almost a “worst case” in terms of SNR. The noise is distributed
equally in an interferometer, so the noise of the 830 cm™ band is expected to be ~3 times
higher than a dispersive system for equal signal levels. This factor of three almost cancels

out the higher SHRS throughput.
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3.5 Conclusions

A spatial heterodyne Raman spectrometer (SHRS) has been used to measure
transmission Raman spectra of several highly scattering samples. The results demonstrate
a larger throughput is achieved with the SHRS in comparison to a fast, {/1.8 dispersive
spectrometer. The measured sample area viewed is also 7-9 times larger using the SHRS,
and larger area viewed leads to a backscatter/transmission ratio of about 2.4, which is
very low for a TRS measurement. The SNR of the SHRS is slightly less than the /1.8
dispersive spectrometer for identical measurement conditions. The SNR of the SHRS
used for these comparisons was limited by low fringe visibility, in large part caused by
high background signals. More careful attention to the design of the spectrometer to
reduce stray light should substantially improve the SNR and sensitivity of the

spectrometer.
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Spatial heterodyne Raman spectrometer (SHRS):

b.
G S
F L,
- : | a
al
‘ ........ N e .
|
L, (R
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Figure 3.1

SHRS schematic- The Raman light collected by L; is directed through the filters (F) and
into the input aperture (I), and the light is split 50/50 by the beam splitter (BS). The
gratings (G) disperse the light and send it back towards the beam splitter, where the
beams recombine. The imaging lens (L) focuses the image plane onto the CCD detector.

Kaiser Holospec f/1.8 dispersive spectrometer- The Raman scatter is collected with the
collection lens (L), which collimates the light. The coupling lens (L,) focuses the
collimated light into the entrance slit (A) of the spectrometer.

a. Transmission Raman geometry
b. Backscatter Raman geometry
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Figure 3.2

Transmission Raman spectra of acetaminophen, ammonium nitrate, a sodium
nitrate/sodium nitrite mixture, and potassium perchlorate (from top to lower). The salts
were measured in 1 cm cuvettes using 10 seconds acquisitions with a 1 W, 532 nm laser,
and the acetaminophen tablet was measured using 90 seconds acquisition with ~200 mW
laser power. Spectra offset for clarity. The fringe image cross sections are inset in the
upper left hand corner and the order is identical to the spectra. The acetaminophen fringe
cross section was background subtracted before generating the Raman spectrum.
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Figure 3.3
Transmission (lower) and backscatter (top) Raman spectra of ibuprofen pellet (4.4 mm

thick, 13 mm diameter) measured with the SHRS using 60 second acquisition time and
460 mW. The backscatter spectrum was offset for clarity.
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Figure 3.4

Width of the area viewed, showing Raman intensity versus position of razor edge,
measured using a 250 mm focal length lens as the collection optic for the SHRS (circles)
and /1.8 dispersive spectrometer (squares). A KClO4 sample was used for these
measurements. The sample thickness was 10 x 10 mm for the SHRS experiment and 7 x
13 mm for the dispersive experiment.
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Figure 3.5

Width of the area viewed, showing Raman intensity versus position of razor edge,
measured using a 50.8 mm focal length lens as the collection optic for the SHRS (circles)
and /1.8 dispersive spectrometer (squares). A 7 x 13 mm KCIO4 pellet was used for these
measurements.
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Figure 3.6

Transmission Raman spectra of ibuprofen measured with the /1.8 dispersive
spectrometer (lower) and the SHRS (top). Five replicate measurements with each
spectrometer are shown. The ratio of replicate measurements is shown for the SHRS
(solid line) and the dispersive spectrometer (dashed line). Inset: shows the SHRS
spectrum corrected for CCD gain (i.e. intensity x 4), as well as a dispersive spectrum,
over the full spectral range. The spectra were measured with 200 mW laser power
using100 second acquisition time and a 250 mm focal length lens.
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CHAPTER 4

ALL-REFRACTIVE SPATIAL HETERODYNE RAMAN SPECTROMETER

(SHRS): PRELIMINARY RESULTS
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4.1 Introduction

The spatial heterodyne Raman spectrometer (SHRS) has many benefits as
outlined in Chapter 1. The grating SHRS is one variation of a spatial heterodyne
spectrometer (SHS) investigated by our lab. Another variation, the all-refractive spatial
heterodyne spectrometer, has a prism and mirror pair in each arm of the interferometer
instead of gratings, see Figure 4.1." Our group also investigated the all-refractive SHS as

a potential spectrometer for Raman spectroscopy.

Prisms can offer several other advantages over gratings such as no order overlap,
increased throughput, and greater dispersion in the UV than the visible spectral region.
Unlike gratings that lose light to the unused orders produced by diffraction, prism
dispersion is based on refraction and does not have orders, so the throughput can be
higher. Grating efficiency for most commercially available gratings is between ~40-50%
and ~70-80% in the UV and visible spectral regions, respectively. Whereas, an anti-
reflection coated prism typically transmits 90% or more of the input light, with some light
loss at the air/prism interface. One possible benefit of prisms having greater dispersion in
the UV is the lower costs of more commercially available large apex angle prisms, but
the geometric alignment may reduce spectral bandpass, as will be discussed in more

detail below.

Order overlap occurs when the diffracted orders of polychromatic light spatially
overlap and degrade the fringe image on the CCD, Figure 4.2. Several approaches to
reducing order overlap in the grating system include spatial filtering between the imaging

lens and CCD, spatially separating the orders by moving the gratings away from the beam
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splitter, or by changing the dispersive element in the SHRS to one that does not disperse
light into orders. Spatial filtering works well at reducing order overlap, but the extra
orders traveling through the beam splitter can add scattered light and increase background
noise. A moderate resolution (150 grooves/mm) grating with a Littrow angle set to 532
nm diffracts first order at 2.3° and second order at 4.6°, which would require a distance of
305 mm to spatially separate the orders, see Figure 4.2. The same grating used at a
Littrow angle set to 244 nm would diffract first and second order at 1.1° and 2.1°,
respectively, requiring a distance of 686 mm to separate. Therefore, the overall size of the
SHRS has to be greatly increased to spatially separate the orders before the beams
recombine at the beam splitter. The SHRS can be miniaturized using high dispersion
gratings, but as the size of the instrument decreases, so does the throughput. If high
throughput is the most important aspect of the spectrometer, then the all-refractive SHS

may be a good option.

4.2 All-Refractive SHRS

An all-refractive SHRS is governed by the same principles described in Chapter 1
for the grating-based SHRS. The input light is split 50/50 at the beam splitter and directed
to each arm of the interferometer. The light is refracted through the prisms and is
reflected by the mirror back through prism towards the beam splitter where the beams
recombine. A fringe pattern is formed and imaged onto the CCD. The only difference

between the two systems is how the light is dispersed.

Prism dispersion is a change in refractive index as a function of the wavelength

and depends on the angle of deviation, 9, of a light ray from the light ray’s original
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optical path before entering a prism, Figure 4.3 (a.).” Using Snell’s law and geometry, the

deviation angle can be calculated by Equation 4.1,

o= Yi-a+sin'l[(\/nz-sinz(%))sin((x)-cos((x)'sin(yi)] Equation 4.1

where vy; is the angle of incidence, n is the refractive index, and a is the apex angle. The
refractive index is dependent on the prism material and the wavelength of light, thus each

wavelength will exit the prism at a different angle.

The angle of incidence can be set so that the exit light ray has the same angle as
the incident light ray with respect to the normal of the prism face, which is called the
angle of minimum deviation, Figure 4.3 (b.). Because the refractive index varies with
wavelength, only one wavelength can be set to minimum deviation and travel through the
prism symmetrically. In the SHRS, one wavelength is designated as the Littrow
wavelength and completely refro-reflects through the system. When using prisms as the
dispersing element in the SHRS, the Littrow angle of incidence, y1, is set to the angle of

minimum deviation using Equation 4.2.'
ngsin(a/2) = sin(yr) Equation 4.2

The resolving power for an all-refractive SHRS is dependent on the width of the

illuminated area, W, of the prism,l
Ro = 8W[tany.n; ' (An/AL) - tanyeng ' (Ang/AL)] Equation 4.3

where An/AA is the dispersion of the prism, and the subscripts i and f indicate the
dispersing and field-widening prisms, respectively. The dispersing prism is made from a

high dispersion material to increase the resolving power, and the field-widening prism is
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made from a low dispersion material to optically adjust the image to appear geometrically
parallel to the CCD plane without greatly reducing the dispersion. If there are no field-
widening prisms used, as with the proto-types built in our lab, the equation for resolving

power simplifies to Equation 4.4."
Ro = 4W[tany.n; ' (An/AM)] Equation 4.4

The dependence of the resolving power on the apex angle of the prism is not
directly apparent from Equation 4.4. However, v, is determined by the apex angle of the
prism, and the resolving power of the all-refractive SHRS will change with apex angle.
The resolving power and angle of incidence are directly proportional to the prism apex
angle. As the angle of incidence increases, so does the angle at which the reflecting
mirror must be tilted to retro-reflect the dispersed light back through the prism. Large
mirror tilts can lead to light loss and decreased bandpass as less refracted wavelengths
will not travel back through the prism, Figure 4.4. Therefore, geometric considerations

must be taken into account when choosing the prism apex angle.
4.3 Preliminary Results
4.3.1 All-refractive SHRS Prototype 1

As shown in Figure 4.1, two proto-types of all-refractive SHRS systems were
designed and constructed for Raman spectroscopic measurements. For one proto-type
(Figure 4.1, (a.)), a right angle prism with a mirror-coated back was used to reduce the
degree of freedom and aid in easier alignment. The second proto-type (Figure 4.1, (b.))
used right angle prisms paired with mirrors so the zero path difference could be set using

the mirrors and to reduce the thickness of the prism.
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Proto-type one was the first to be constructed using right angle prisms with a
mirror-coated back (Edmund Optics, 30-60-90 prism, #43673), coated-prism The Littrow
wavelength was set to 532 nm and the entrance aperture was ~2.54 cm, giving a
theoretical resolving power of 3700. The reflections of the laser off the face of the prism
and mirror/prism interface were used to set the Littrow angle and align the prism in the
Xy plane of the optical axis using targets set at the height of the interferometer. Zero path
difference (ZPD) could not be set as in a grating-based SHRS, where the zero order of the
gratings acts as a mirror. Unlike gratings in zero order, prisms do not have an angle at
which all wavelengths retro-reflect, and white light fringes cannot be used to set the ZPD
in the interferometer. Therefore, other approaches to set ZPD were attempted, including

using a Hg lamp and a pseudo-broadband source.

Figure 4.5 shows the emission spectrum of a low pressure Hg lamp with a spectral
resolution of 0.46 nm, which was approximately three times higher than the theoretical
resolution 0.14 nm. However, the Raman spectrum of CCl; was measured with the same
system, and the spectrum was poorly resolved and had low signal-to-noise, as seen in
Figure 4.6. Using the Hg lamp to set ZPD did not work, because the coherence length of
the narrow emission lines is about 20 times longer than that of a typical Raman band (10
cm™). Therefore, a source with a larger spectral width than Raman bands was necessary
to set the ZPD, so a 20 nm broadband filter centered around 558 nm was used to shorten
the spectral range of a white light source. The spectrum of the 20 nm broadband source is
shown in Figure 4.5 inset. Although the broadband source was resolved by the system,
the fringe image had only a few fringes in the center portion, and the base thickness of

the prism was thought to be increasing the wavefront error and degrading the fringe
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image quality. The 30-60-90 coated-prism was the smallest apex angle prism with a
mirror-coated back commercially available. Therefore, the coated-prisms were replaced
by prism-mirror pairs to reduce the thickness of the prism and to use the mirrors to set the

ZPD.

4.3.2 All-refractive SHRS Prototype 2

The second proto-type (Figure 4.1, (b.)) used right angle wedge prisms paired
with mirrors, so the zero path difference could be set using the mirrors. The placement of
the prism was arbitrary, with respect to zero path difference, along the z-axis, and only
needed to be considered in terms of spectral range, meaning the distance between the
mirror and prism should not be too great that the light reflected off the mirror did not

travel back through the prism.

Using the mirrors to set ZPD was found to not work with the large apex angle
prisms in the prism-mirror all-refractive SHRS design, because the mirrors had to be
offset from the optical axis for geometric reasons and could not be used to set the ZPD.
Therefore, smaller apex angle prisms (wedge prisms, ThorLabs # PS811) were used,
which decreased dispersion and resolution. The final design of second prototype used a
7.68° apex angle prism and 1.27 cm entrance aperture, giving a theoretical resolving
power of ~1370. Figure 4.7 shows the Hg emission spectrum measured using a prism-
mirror pair all-refractive SHRS, and the measured resolution was ~2.4 nm, which was ~6

times larger than theoretical resolution.

Although the resolution was lower in the prism-mirror all-refractive SHRS, there

were a few benefits to the decreased dispersion. The angles of the light exiting the prism
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were smaller, allowing the mirrors to remain on the optical axis, and the mirrors could be
used to set ZPD. The small apex angle prism could be treated as a thin prism, which
means that a larger range of wavelengths exit the prism at about the same angle and

should reduce loss in spectral range due to geometric concerns.

Separating the prism from the mirror increased the degrees of freedom that had to
be controlled. The mirrors could be aligned along the optical easily by back reflection
using the laser, and white light was used to set ZPD. Back reflection could not be used to
align to the prisms due to the anti-reflection coating. The prisms were aligned along the
optical axis using a target overlaid on the prisms. However, there was no clear way to
precisely aligning the prisms in the Xy plane to match one another exactly. Unlike a
diffraction grating, prisms are not one dimensional, and the thickness of the prism
increases from the apex angle to the base of the prism, see Figure 4.8. The prisms in each
arm of the interferometer must be positioned precisely the same in the Xy rotation plane
to maintain a path difference between the two arms below the coherence length of a
typical Raman band. If the rotation of the two prisms in the xy plane are more than 2°
different, then the difference in pathlength between the two arms will be larger than the
coherence length necessary from Raman measurements. With the mounts available, the
Xy plane rotation alignment had to be done by hand, and the required precision was not

achieved.

4.4 Conclusions and Future Work

The all-refractive SHRS was demonstrated as a feasible instrument for emission

measurements, but measuring Raman spectra proved more difficult. Alignment of the
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prism-mirror pair all-refractive SHRS required many degrees of freedom of adjustment
which increased the difficulty of alignment and reduced the quality of results, in
comparison to the coated-prism SHRS. To continue the work on the all-refractive SHRS,
future work should use the coated-prism design to decrease alignment issues. The main
alignment issue stalling the progress of the all-refractive SHRS is setting the zero path
difference. Several other contributing factors to the inability to measure Raman spectra
with the all-refractive SHRS were difficulties making and maintaining alignment of the
collection optics and stability issues caused by the opto-mechanical parts. The current
grating SHRS uses high quality opto-mechanical parts that greatly reduced the stability

issues, and these should be used for the all-refractive SHRS.

Future work should focus on determining a method for setting ZPD. A possible
solution for setting ZPD with the coated-prism all-refractive SHRS would be to align the
interferometer using gratings or mirrors in place of the prisms, and once the ZPD is
aligned, put the prisms back in the system. The proposed method was one that was
considered previously, but the inability precisely and repeatedly replace the prism
impeded the process. The interferometer alignment was also hindered by the inadequate
positioning of the prism on the center of rotation, because when a prism not centered over
the rotation axis and is rotated, the ZPD between the two interferometer arms is lost. The
grating mounts currently being used in the grating SHRS position the optic over the axis

of rotation, which would be useful for the prism based SHRS.
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Figure 4.2: Schematic and images of proto-types built in our lab of an all-refractive SHRS in a mirror coated prism
configuration (a.) and a prism mirror pair configuration (b.). S is the incoming signal, L, & L, are Lenses, BS is the beamsplitter,

Figure 4.1: Schematic and images of proto-types built in our lab of an all-refractive
SHRS in a mirror coated prism configuration (a.) and a prism mirror pair configuration
(b.). S is the incoming signal, L; & L, are Lenses, BS is the beam splitter, P; & P, are
prisms, M; & M, are mirrrors, and the CCD is the detector. The Littrow angle is 0., and F
are laser-blocking and bandpass filters
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Figure 4.2: Schematic of order overlap (a.) and an image showing order overlap. Image is
a fringe image recorded on the CCD in a grating-based SHRS system.
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Figure 4.3: Schematic of dispersion in a prism showing the (a.) angle of deviation, §, and
(b.) a prism set to minimum deviation for blue light. Light blue dotted line is the normal
to prism face, y; is the incident angle, and yris the exit angle.
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Figure 4.4: Schematic showing the dispersion through the prism. Angle of incidence (yr)
and apex angle ().
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Figure 4.5: Emission spectrum from low pressure Hg lamp measured for 500 msec using
the coated-prism all-refractive SHS set at 532 nm Littrow wavelength. Inset is a spectrum
of' a 20 nm broadband source (white light lamp filtered by a 558 nm bandpass filter)
measured for 10 msec. acquisition time.
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Figure 4.6: Raman spectrum of CCly measured for 60 sec using the coated-prism all-
refractive SHS set at 532 nm Littrow wavelength.
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Figure 4.7: Emission spectrum from low pressure Hg lamp measured for 30 sec.
acquisition time using the prism-mirror pair all-refractive SHS set at 532 nm Littrow

wavelength. Inset is a same spectrum with y-axis scale change to show 576.9 and 579 nm
emission lines.
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Figure 4.8: Illustration of the wedge prism (a) showing the rotation in the xy plane that
affects the path difference in the two arms of the interferometer and (b.) showing the

dimensions of the prism from a side view.
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