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ABSTRACT 

This work describes improvements to a novel instrument, the monolithic spatial 

heterodyne Raman spectrometer (mSHRS), which has potential to be utilized in space 

exploration and deep-ocean marine sensing. In previous work, the spatial heterodyne 

Raman spectrometer (SHRS) was demonstrated, as a small, high resolution, wide field of 

view spectrometer, originally developed for space applications where small size and 

compactness is a key consideration or where a wide field of view is advantageous, such 

as in remote spectroscopy. The spatial heterodyne spectrometer (SHS) was then later 

utilized for remote Laser-Induced Breakdown Spectroscopy (LIBS). The high 

throughput, high spectral resolution, and large spectral range of the SHRS were shown to 

not be limited by the size of the device, pointing the way to monolithic construction, the 

subject of this work. Several mSHRS devices were designed for Raman and LIBS 

spectroscopy. These fabricated for the group by a company that does custom optics.  

Most of the mSHRS spectrometers are compact, measuring about 3.5 x 2.5 x 2.5 cm in 

size and weigh about 80 g. The preliminary tests showed that the mSHRS has greatly 

improved the long-term stability and much improved the sensitivity over the original 

free-standing SHRS.  

This work extends the mSHRS in three areas: remote LIBS, studies of a novel 

cross-dispersion mSHRS, and testing designs to further reduce the size of the mSHRS. 

The large field of view and large acceptance angle makes the spatial heterodyne 

spectrometer (SHS) spectrometer well suited for remote Raman and remote 
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LIBS measurements.  The mSHRS was recently demonstrated for remote LIBS for 

samples at a 4.5-meter distance, using no collection optics other than the mSHS gratings. 

In other work, improvements in the signal to noise ratio (SNR) for weak bands in Raman 

spectra were demonstrated using the mSHRS in a novel cross-dispersion mode. Like any 

interferometer, noise in the mSHRS is equally distributed, meaning weak bands have the 

same noise as strong bands. This is an issue when weak bands are measured in a 

spectrum that has other strong bands. The SHS interferometer offers a potential solution 

to this problem by taking advantage of the 2-dimensional (2D) charge coupled device 

(CCD) detector, using the vertical dimension to produce a low-resolution separation of 

the spectral bands. This is accomplished by using a prism or diffraction grating to 

disperse the light in the vertical direction (cross-dispersion) onto the CCD.  In other 

work, the area of the mSHRS footprint was decreased by a factor of ~4, and the volume 

was decreased by a factor of ~5. The smaller mSHRS devices measure 2.2 x 2.2 x 1.3 cm 

in size and weigh ~17 g yet have similar spectral resolution as the larger mSHRS devices. 

Together, the mSHRS improvements will enable their use in new applications, including 

sensors for exploration of the moons of the gaseous planets, such as Europa and 

Enceladus, comets, and asteroids, as well as near Earth exploration in extreme 

environments such as the chemical measurements around deep-ocean hydrothermal vents.  
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CHAPTER 1 

INTRODUCTION  

1.1 Planetary and Space Exploration 

Venturing into space started October 4, 1957 with the launch of Sputnik 1, the 

first artificial satellite to orbit Earth.1 Since the first launch there have been many 

missions and many discoveries have been made about the solar system. For example, 

NASA’s Stratospheric Observatory for Infrared Astronomy (SOFIA) has confirmed that 

there is water on the sunlit surface of the Moon.2 NASA spacecraft have also found signs 

of water in permanently shadowed craters on Mercury,3 and recent volcanic activity on 

Venus.4 Along with this, other scientific discoveries lead to evidence that the solar system 

contains a significant amount of water. Water is found in primitive bodies like comets 

and asteroids, and dwarf planets like Ceres. The four giant planets Jupiter, Saturn, Uranus 

and Neptune are thought to contain enormous quantities of water, and their moons and 

rings have substantial water ice.5 NASA's Hubble Space Telescope provided powerful 

evidence that Ganymede (a moon of Jupiter) had a saltwater, sub-surface ocean, in 

between two layers of ice. Europa and Enceladus are thought to have an ocean of liquid 

water beneath their surface in contact with mineral-rich rock.5 NASA's Cassini mission 

revealed that Enceladus had icy geysers and recent research suggested it may have 

hydrothermal activity on its ocean floor, an environment potentially suitable for living 
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organisms.6 On Mars, NASA spacecraft have found clear evidence of water on its surface 

for long periods in the distant past. NASA's Curiosity Mars Rover discovered an ancient 

stream that existed amidst conditions favorable for life as we know it. NASA's Spitzer 

Space Telescope has observed signs of a hail of water-rich comets raining down on a 

young solar system, much like the bombardment planets in our solar system endured in 

their youth7 and even on Pluto and the asteroid Ceres.8,9 One discovery closer to home has 

been the presence of extremophiles, organisms found on Earth any place where there is 

liquid water under extreme conditions, including high temperature, high alkalinity or 

acidity, and even high radiation environments.10 With these discoveries NASA’s missions 

have been directed towards the search for extraterrestrial life.  

While planetary science has grown tremendously in the past 60 years, there are 

still many questions left unanswered about our solar system. In the 2013 Planetary 

Decadal Survey, NASA released some questions and motivation for planetary science 

into three themes: building new worlds, planetary habitats, and workings of solar 

systems.11 Each of which had its own set of questions. The first, was focused on 

understanding the origins of these solar systems and trying to answer what were the 

initial stages, conditions, and processes of the solar system formation and the nature of 

the interstellar matter that was incorporated. The second, was the search for life in 

planetary habitats, including finding the primordial sources of organic material of the 

planets. For example, Mars and Venus are believed to have ancient aqueous 

environments conducive to early life. The third involves, determining planetary processes 

through time through focuses on the workings of solar systems. This category of study 

looks at how studying the other planets and their atmospheres could help with 
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understanding Earth’s atmosphere as well as how the chemical and physical processes 

that shaped the solar system have operated, interacted, and evolved over time.11 These 

questions from the survey cannot be addressed by a single space mission and it cannot 

hint at one or more solar system bodies that may hold clues or other important 

information necessary for their resolution. Thus, it is vital to develop technology that 

facilitates our efforts to explore and research the space that surrounds planet Earth to 

continue and adapt as new technology becomes available.  

1.2 Space Exploration  

As mentioned previously, orbital space flight began in 1957 with the launch of the 

first artificial satellite, Sputnik I and then four years later the first human astronaut, Yuri 

Gagarin, made one orbit around earth in 1961.1 In response, eight years following that, 

Neil Armstrong became the first human to set foot on the moon in 1969 through three 

NASA programs Mercury, Gemini, and Apollo.12 However, since the 1970’s, human 

space exploration has been limited to low Earth orbit missions that are both complex and 

costly due to the need for life support systems, food, water, waste management, radiation 

protection and return fuel. In order to explore beyond low Earth orbit unmanned probes 

and rovers have been sent into the solar system to gather information and aid in the 

determination of solar system locations for further investigation.4 Therefore the next 

phase of space exploration began by sending spacecrafts to orbit to image many of the 

planets and large moons in the solar system. Both the U.S.S.R and U.S.A. launched a 

series of probes during the Cold War to study Venus and Mars, named the Venera and 

Mariner respectively.13,14 In the 1970s, Pioneer 10 was launched to study Jupiter and 

provide images of the planet and its inner moons and became the first spacecraft to 
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escape the solar system.15 Following the Pioneer launch, the twin spacecrafts Voyager 1 

and 2 were launched in 1977.16 Their primary mission was to conduct close studies of 

Jupiter and Saturn. They made several discoveries including the active volcanoes on 

Jupiter’s moon Io and the intricacies of Saturn’s rings. Voyager 2 then went on to explore 

Uranus and Neptune, and remains the only spacecraft to have visited those outer planets 

to date. In 2012 Voyager 1 later entered into interstellar space, the region between stars, 

and Voyager 2 joined its twin there six years later in 2018.16 In 1989, the spacecraft 

Galileo was launched by NASA and reached Jupiter in 1995, becoming the first 

spacecraft to orbit an outer planet. It orbited Jupiter for almost eight years and found 

several key discoveries including that a global ocean of liquid water exists under the icy 

surface of Jupiter’s moon Europa.17 Currently the most advanced planetary satellite in 

orbit is the Mars Reconnaissance Orbiter (MRO) which has been studying the terrain of 

Mars since 2006. The MRO includes four imaging systems: the High Resolution Imaging 

Science Experiment (HiRISE) camera which can photograph Mars’ surface; the Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM), a near infrared (IR) imaging 

spectrometer that can identify mineralogical surface features; the Mars Color Imager 4 

(MARCI), a UV imager designed for climate tracking, and the Context Camera (CTX), a 

camera designed to provide wide swath pictures to provide spatial context for other MRO 

observations. In addition to these systems, the MRO has instruments for tracking the 

weather, vapor pressure, and dust variations of the Martian atmosphere, radar designed to 

detect underground layers of rock, ice, or water, and radio communication Doppler shift 

monitoring to study the gravitational fields of Mars.18-21 Although spacecrafts have 

explored much of our solar system, there is still much more to be discovered, and while 
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the planetary satellites can provide considerable information, there is a limit to the 

amount and types of information that can be gathered from above a planet’s surface. 

Therefore, it is necessary to use planetary landers to explore complex chemical processes 

or search for extraterrestrial life.  

1.3 Exploring Planetary Surfaces  

The U.S.S.R and the U.S.A. sent the Venera and the Pioneer landers respectively 

to Venus, with both sets of landers containing a payload of instruments including but not 

limited to seismic monitors, gas chromatographs, mass spectrometers, x-ray fluorescence 

spectrometers, UV, visible, and IR photometers and spectrometers, gamma-ray 

spectrometers, anemometers, and hygrometers.13,22 NASA’s Viking Project became the 

first U.S. mission to land a spacecraft safely on the surface of Mars and return images of 

the surface.23 Viking 1 and 2 landers made it to Mars in 1976 and acquired photographs 

of the Martian soil as well as conducted three biology experiments to look for possible 

signs of life.23 While these lander provided the most complete view of the planets 

surfaces, the decline of the Cold War caused a halt in exploration of planetary surfaces. 

There was a resurgence of surface exploration missions in the 1990s due to NASA’s 

Sojourner, the first Mars rover. Sojourner was part of the Pathfinder mission, a project 

designed to demonstrate a low-cost method for delivering and implementing scientific 

instruments on Mars as the first wheeled vehicle to be used on another planet.24 The rover 

landed on the planet using an air bag landing system and innovative petal design, which 

is still being used in various arrangements to land rovers on the surface of Mars. 

Originally Sojourner was meant to last 7 days but had an 83 day mission. Sojourner used 

a variety of cameras for imaging the surface and an alpha photon x-ray spectrometer 
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(APXS) for determination of composition of mineral samples.24 Following Sojourner, in 

2004 the twin rovers Spirit and Opportunity landed on opposite sides of Mars. Both 

rovers had a much larger scientific payload, including a microscopic imager (MI), a 

miniature thermal emission spectrometer (Mini – TES), a Mössbauer Spectrometer (MB), 

an APXS, a Rock Abrasion Tool (RAT), and an array of imaging cameras. While each 

rover only had a planned 90-day mission, they both lasted much longer than expected, 

with Spirit’s mission ending in May 2011 after becoming permanently stuck in soft soil 

and with Opportunity’s last communication coming in on June 10, 2018.25-27 NASA’s 

next mission to Mars was Curiosity, a 900 kg rover which landed on the surface of Mars 

in 2012. At 10 feet long, it was about twice as long and five times as heavy as the twin 

rovers. The size of Curiosity prevented it from taking advantage of the airbag-assisted 

landing. Instead, the Mars Science Laboratory used a guided entry and sky crane 

touchdown system to land the rover, which allowed for a gentle, high precision delivery. 

Thanks to Curiosity’s size and new delivery system, its scientific payload was much 

larger and more complex than the previous rovers. Curiosity’s payload includes a variety 

of cameras, an APXS, a remote Laser Induced Breakdown Spectrometer (LIBS) and 

remote Micro-Imager (RMI) known as ChemCam that can make measurements up to 7 

meters away, a x-ray powder diffraction (XRD) spectrometer, x-ray fluorescence (XRF) 

spectrometer, quadrupole mass spectrometer, gas chromatograph, tunable laser 

spectrometer, and dynamic albedo of neutron instruments to detect hydrogen or liquid 

and solid water. To date Curiosity continues to operate and explore the Martian surface.28 

One of the latest missions to Mars is NASA’s Perseverance rover which landed on the 

surface in early February 18, 2021, whose key objective for its mission on Mars 
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is astrobiology, including the search for signs of ancient microbial life.29 Along with an 

impressive array of cameras, Perseverance also includes an upgrade to ChemCam, named 

SuperCam, which is capable of Raman spectroscopy, time resolved fluorescence (TRF) 

spectroscopy, visible and infrared (VISIR) reflectance spectroscopy, LIBS, and RMI, as 

well as other instruments such as a UV Raman spectrometer, a ground penetrating radar 

(GPR) system, and sensors for measuring temperature, humidity, radiation, dust, 

pressure, thermal IR, and wind speed and a sensitive microphone. There is also the Mars 

Oxygen In-Situ Resource Utilization Experiment (MOXIE), an instrument that will take 

carbon dioxide from the  Martian atmosphere and convert it into oxygen.29 After 

Perseverance landed in the Jezero Crater on Mars, it spent more than a year studying 

outcrops, boulders, and regolith (broken rock and dust) in the area, gathering samples 

along the way. This led to the discovery of the origin of igneous rocks that formed 

billions of years ago from molten rock that cooled either underground or after volcanic 

eruptions.30 The team also found evidence that the igneous rocks interacted with water 

and could have once hosted habitable microenvironments, and the sedimentary rocks that 

dominate the Jezero delta provide an ideal site to look for signs of past life. However, 

confirmation of this will be made after the samples that Perseverance is currently 

gathering are brought to Earth and analyzed with powerful lab equipment that is too large 

to bring to Mars. Subsequent NASA missions, in cooperation with ESA (European Space 

Agency), will send spacecraft to Mars to collect these sealed samples.30  

Finally, Perseverance carried an experimental helicopter named Ingenuity which 

tested the first flight on Mars. Ingenuity weighed about 2 kg and had counter rotating 

blades designed to spin very fast in the thin Mar’s atmosphere at about 2400 rpm, much 
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faster than a helicopter would spin on earth. Having cameras in the air in future Mars 

missions would provide scientists a new perspective on a region’s geology and allow 

them access to areas too slippery or steep to navigate using a rover.31 Once Ingenuity was 

release it performed a series of test flights over a 30 Martian day period. The helicopter 

completed its technology demonstration after three successful flights which was a major 

milestone as the first powered controlled flight in the Martian atmosphere. Afterwards the 

helicopter successfully performed additional experimental flights and will transition to an 

operations demonstration phase to show how future rovers and aerial explorers can work 

together.31 Overall, Perseverance played host to several highly prescience scientific 

instruments, many of which had never been used on another planet’s surface before, 

which has led to important discoveries about the planet and possibly information about 

the existence of early life on Mars. The rover will characterize the planet’s geology and 

past climate, pave the way for human exploration of the Red Planet, and be the first 

mission to collect and cache Martian rock and regolith. 

1.4 Optical Spectrometers 

Optical spectroscopy is starting to become more widely used in planetary exploration 

NASA has implemented optical spectrometers on missions to Mars which include the 

ChemCam and SuperCam instruments on the Curiosity and Perseverance rovers 

respectively. With optical spectroscopy, elemental and/or structural chemical information 

about a given sample or even mapping the locations of chemical components in a sample 

via imaging can be obtained, thus making it a particularly useful technique for planetary 

exploration. There are many different types of spectroscopies with attributes that can 

include, being fast, nondestructive, performed with no sample contact or no sample 
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preparation, small or requiring low power. The ChemCam is a remote LIBS spectrometer 

that can make measurements at up to 7 m away from the rover with a full 360° view. By 

ablating a small sample spot size ChemCam can rapidly identify the rocks being studied, 

determine the composition of soils and pebbles, measure the abundance of all chemical 

elements, including trace elements and those that might be hazardous to humans, 

recognize ice and minerals with water molecules in their crystal structures, measure the 

depth and composition of weathering rinds on rocks, and provide visual assistance during 

drilling of rock cores.32 The SuperCam on the Perseverance rover examines rocks and 

soils with a camera like the LIBS spectrometer on ChemCam laser and that seeks 

spectrometers to seek organic compounds that could be related to past life on Mars.33 

Raman is a vibrational spectroscopy technique that is nondestructive and capable of 

providing a molecular fingerprint of solid, liquid, and gaseous samples without any 

sample preparation.34 This technique is fast and can be used to identify minerals, water, 

ice, and organic molecules that may be indicative of past or present life.35,36 SuperCam 

can be used to perform Raman measurements using a 532 nm pulsed laser for samples up 

to 12 m away from the rover, and provide information about the mineralogy and 

molecular structure of the samples.37 Perseverance also has one other Raman 

spectrometer, the Scanning Habitable Environments with Raman and Luminescence for 

Organics and Chemicals (SHERLOC), which is a deep UV resonance Raman 

spectrometer capable of highly sensitivity detection and useful for characterization of 

organics and minerals in the Martian surface and near subsurface. While SHERLOC does 

not have the same remote capabilities as SuperCam’s Raman spectrometer, it can provide 

an image of a 7 x 7 mm area that will allow scientists to assess past aqueous history, 
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detect the presence and preservation of potential biosignatures, and select samples for 

return to Earth.38 

1.5 The monolithic Spatial Heterodyne Spectrometer  

This thesis focuses on the development of a new type of miniature spectrometer, the 

monolithic spatial heterodyne spectrometer (mSHRS), an instrument that would be 

suitable for future planetary missions. The mSHRS is a fixed grating interferometer that 

has many features that are beneficial for space applications: large spectral range, high 

resolution, wide acceptance angle, and high throughput that can be obtained with an 

instrument size much smaller than conventional Raman spectrometers.39 Additionally, 

since the mSHRS has all of the optical components bounded together with UV curable 

epoxy it is a small and stable spectrometer with optical components in one piece. The 

mSHRS has a large entrance aperture and a wide acceptance angle, which when 

combined, allow for large areas of the sample to be viewed simultaneously with a large 

field of view (FOV). The ability to view large areas of the sample simultaneously has 

proven to be useful for one shot 1D and 2D hyperspectral Raman imaging 40,41 and can be 

used to reduce laser-induced photodegradation of the sample by allowing a large laser 

spot size for sample excitation. This has been shown to be useful for deep-UV Raman 

measurements, where the Raman cross section is greatly increased but where sample 

photodegradation caused by the use of a tightly focused laser, can greatly reduce the 

observed intensity which eliminates photodegradation.42 The many qualities of the 

mSHRS that make it suitable for planetary exploration will be discussed in later chapters. 

 



 

11 
 

1.6 Thesis Outline 

Chapter 2 will describe the theoretical background of Spatial Heterodyne 

Spectroscopy along with a further explanation of Raman spectroscopy and underlying 

theory, a combination of the general SHS with Raman spectroscopy to form the SHRS, 

an and explanation of Laser induced breakdown spectroscopy in tandem with the SHLS.  

Chapter 3 describes the wide field of view of the mSHLS by measuring standard 

copper LIBS samples at a distance of 4.5 meters. Successful recovery of spectra with 

LIBS plasma deviating from the optical axis of the spectrometer by ~ 0.6o was obtained 

and the addition of a small telescope for light collection increased the amount of signal 

light collected by an order of magnitude, even while accumulating 500 fewer laser shots 

per spectrum. 

Chapter 4 describes the use of a transmission grating paired with a monolithic SHRS 

(xgmSHRS), to demonstrate that the crossed-dispersed method facilitates the 

measurement of weak Raman spectral features in various Raman reference samples that, 

in a traditional mSHRS, would be overpowered by multiplicative photon noise. The 

xgmSHRS showed overall improvement in SNR compared to the traditional mSHRS. 

Chapter 5 describes initial tests of a further miniaturized mSHRS (half-inch mSHRS). 

The half-inch mSHS is about 2.2 x 2.2 x 1.3 cm in size and weigh about 17 g, and is 

constructed in a 1D configuration. The spectral resolution of the 1D mSHRS is shown to 

be about of 8 - 10 cm-1.  

Lastly, Chapter 6 describes preliminary tests of high-pressure LIBS. A pressure cell 

was custom made to mimic deep ocean hydrothermal vents environments and a pulse 
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ND:YAG laser operating at 532 nm was focused into the pressure to create the LIBS 

plasma. Data was collected using grating spectrometer paired with an intensified charged 

coupled device (ICCD). 1 ppm lithium-ion concentration of 1 ppm is shown to have 

higher signal detection was lower laser powers (3- 40 mJ). 
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CHAPTER 2 

THEORETICAL BACKGROUND 

 

2.1 Introduction of the Spatial Heterodyne Spectrometer (SHS) 

The spatial heterodyne spectrometer (SHS) was first developed by Dohi et al. in 

1970,1 and later adapted by Harlander et al. in 1991 for emission studies.2 The many 

features of the SHS makes it suitable for a variety of spectroscopic applications. For 

example, it has a compact size, large spectral range using a relatively small number of 

detector elements, high spectral resolution, and high light throughput in comparison to 

dispersive spectrometers of comparable size.3,4 Conventional dispersive spectrometers 

generate spectra by optically separating incoming signal into its spectral components and  

require long focal length optics and very narrow slits to achieve high resolution. This 

decreases light throughput and increases the footprint of the instrument. Unlike 

conventional grating spectrometers these requirements are not needed for the SHS which 

ultimately can lead to further minimizing its instrument footprint.5,6  

Fourier transform spectrometers (FTS), such as the Michelson interferometer, 

have a Fellgett or multiplex advantage where the signal-to-noise ratio is equal to the 

square root of the number of resolution elements being scanned.7 Multiplexing is 

attributed to the observation system as a whole.8 For example, in the case of using a 
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detection system like a charged coupled device (CCD), the multiplex advantage can be 

achieved but obtaining spectra in one shot. Conversely, the use of a scanning wave 

analyzer would eliminate the multiplex advantage.8,9 While the SHS does not 

share the full multiplex advantage, it does gain a partial multiplex advantage over 

dispersive systems due to the photon flux at each detector element being greater than 

those experienced by the dispersive system, as a result of the high light throughput of the 

SHS.10 Since interferometers do not need a slit to achieve high spectral resolution the 

etendue of these systems are much larger than dispersive spectrometers, generally 200 

times greater.2 Similarly, the SHS also has this advantage and can achieve sensitivities up 

to two orders of magnitude greater than those of conventional dispersive spectrometers 

for instances in which spectral quality would be degraded when using a grating 

spectrometer like extended sources.3,10  

Another advantage that the SHS has over dispersive systems like grating 

spectrometers is its wide acceptance angle. In the basic design of the SHS the acceptance 

angle is ~1° which can be further increased up to 10° with the use of field-widening 

prisms, placed between the beam splitter and the gratings.2,4 Using the SHS, an entire 

spectrum can be collected simultaneously with no moving parts because the SHS is non-

scanning, which helps avoid certain types of noise that would be typically observed in 

FTS systems. For example, scintillation noise which is caused by variations in the source 

intensity can introduce artifacts and distort the FTS spectrum.11 Overall, the advantages 

of the SHS include its relatively small footprint (compared to a conventional 

spectrometer of similar spectral resolution) and the ability to be built monolithically, 

making it extremely robust, easy to align, and deployable. Thus, monolithic construction 
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produces a spectrometer that is immune to the effects of external vibrations and shocks, 

which is a common issue with interferometers.12 

2.2 Theory 

The SHS is a fixed-grating heterodyne interferometer that is like a Michelson 

interferometer but with tilted diffraction gratings and no moving parts as shown in Figure 

2.1.3,4 A sample (S) is excited by a monochromatic light source to produce a signal that is 

collimated and directed into the SHS by a lens (L1) The collimated signal entering the 

SHS is split into two beams by the beam splitter (BS). The beams strike the tilted 

diffraction gratings (G1 and G2) and are diffracted back along the same direction. As the 

beams re-enter the beam splitter, they recombine to produce a crossing wavefront (CW) 

which is then imaged onto a CCD detector (D) with a camera lens (L2). The image 

produces a wavelength dependent fringe image (FI) from which a spectrum is extracted 

using a fast fourier transform (FFT) method. The grating tilt angle defines the Littrow 

wavenumber (λL), the wavenumber at which both beams exactly retro-reflect and produce 

no fringe pattern at the detector.4 For any wavelength other than Littrow, the recombined 

light produces a crossed wave front, of which the crossing angle is wavenumber 

dependent and produces an interference pattern at the interferometer output. The 

interference pattern recorded by the CCD is an image of vertical fringes with intensity as 

a function of detector position as shown in Eq.2.1: 

       I(x) = ∫0
ꝏ B(σ)[1+cos{8π(σ-σL)xtanθL}]dσ                                Eq. 2.1 

Where I(x) is the intensity distribution of the fringe pattern as a function of the detector 

position, B(σ) is the input spectral intensity at wavenumber σ, σL is the Littrow 
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wavenumber, and θL is the Littrow angle. The number of fringes (i.e., spatial frequency), 

f, across the CCD is related to the Littrow wavenumber by Eq. 2.2: 

f = 4(σ-σL)tanθL                                                     Eq. 2.2 

Where f is in fringes/cm and σ wavenumber of interest. The resolving power, R, is 

determined by the total number of grooves illuminated on the two gratings shown in 

Figure 4.1. Eq. 2.3:  

R= 2Wd                                                           Eq. 2.3 

Where W is the width of the grating and d is the grating density (grooves/mm). The 

theoretical maximum bandpass of the SHRS is determined by the resolving power, R, and 

the number of pixels, N, in the horizontal direction on the detector. The Nyquist limit sets 

the highest fringe frequency that can be measured by the detector to the frequency that 

produces N/2 fringes.3-6,13,14 The theoretical bandpass, BP, can be calculated using Eq. 

2.4: 

BP = Nλ/2R                                                       Eq. 2.4 

Where N is the number of pixels in the horizontal direction, λ is the Littrow wavelength, 

and R is the resolving power. The collection solid angle of the SHS is the same as 

conventional FTS systems with a full acceptance angle equal to √Ω, which is ~1o for a 

typical SHRS.3 The equation for the collection solid angle is shown in Eq. 2.5:  

Ω = 2π/R                                                     Eq. 2.5   

This design allows for miniaturization of the SHRS because the spectral resolution is not 

strongly dependent on the size of the device or a slit size as with conventional dispersive 
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spectrometers. Compared to conventional spectrometers, the optical throughput, or 

optical etendue determines the maximum spectral sensitivity for a given laser power. The 

optical Etendue of the SHS is several orders of magnitude higher than conventional slit 

based spectrometers of the same resolving power. The amount of light that can be 

collected by an optical system, the optical etendue, is shown in Eq. 2.6: 

E = ΩA                                                         Eq. 2.6 

Where Ω (in sr) is the collection solid angle of the system and A (in cm2) is the area 

viewed. The large entrance aperture of the SHS allows for very large diameter fibers to 

be used. The area measured by the fiber probe is proportional to the collection fiber 

diameter. The sampling distance from the probe tip is directly proportional to the 

collection fiber diameter and the sampling volume is proportional to the cube of the fiber 

diameter.15,16 This is especially significant for measuring solids or opaque samples 

because it makes it easier to maintain the proper working distance from the probe to 

sample and it minimizes changes in measured intensity for small changes in the probe to 

sample distance. 

Spectral bands with larger wavenumber shifts produce higher frequency fringes 

and because of the symmetry in Eq. 2.2, the spatial fringe frequency is identical for +σ 

and -σ. These spectral features at wavenumbers both above and below Littrow overlap on 

the detector and cause band fold over which can lead to ambiguity in determining the 

wavenumber of spectral features. While a bandpass filter can be added to the optical 

system to block a spectral region, the preferred method for extracting wavelengths above 

and below Littrow simultaneously and with no overlapping features first involves 

introducing a slight vertical tilt one grating to avoid the degeneracy described by eq. 2.1 
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and 2.2. Thus, results in a rotation of the fringe pattern clockwise for bands below 

Littrow and counterclockwise for bands above Littrow.4 The vertical tilt introduces a 

spatial phase shift along the axis orthogonal to the dispersion plane of the diffraction 

gratings, (i.e., the y-axis), resulting in a new intensity function at the detector as shown in 

eq. 2.7.5 

 I(x,y) = ∫0
ꝏ B(σ)[1+cos{2π*4tanθL (σ-σL)x +2ασy}]dσ                  Eq.2.7 

Where σ is the angle of the vertical diffraction grating tilt resulting in an additional term 

which corresponds to the spatial frequency in the y-axis of the detector. In this case the 

frequency term in the y-axis is not heterodyne and it does not correspond to the fringes 

distributed in the x-axis of the detector. In this design, the Fizeau fringes that correspond 

to wavenumbers higher than Littrow are rotated in one direction while the Fizeau fringes 

corresponding to wavenumbers lower than Littrow are rotated in the opposite direction to 

produce a cross-hatched interference pattern.4,5 By applying a two-dimensional Fourier 

transform to the cross-hatched interference pattern, spectral features above and below 

Littrow may be recovered without any ambiguity and this technique can also be used to 

double the spectral range of the SHS without increasing the number of CCD pixels used.5 

2.3 Raman Spectroscopy 

Raman spectroscopy is an inelastic scattering technique first observed by C.V. Raman 

in 1928. This technique requires little to no sample preparation with essentially no 

spectral pressure effect for most chemical species. Raman spectra can be used to identify 

organic and inorganic chemical compounds and minerals based on the vibrational 

frequencies, relative intensities, and the overall molecular ‘fingerprint’ provided by 
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spectra. As with many optical spectroscopy techniques, Raman has also been 

demonstrated for remote measurements where the sample can be tens of meters away 

from the spectrometer.17,18 Since water is a relatively weak Raman scatterer, there would 

be little interference with under water measurements.  

Raman spectroscopy requires a change in polarizability.19 The polarization and 

scattering intensities are linear with the laser intensity with  light being scattered at three 

different frequencies.19 This as  illustrated in Figure 2.2 The first term is Rayleigh 

scattering, which is the same frequency as the laser. The second and third terms are anti-

Stokes Raman scattering and Stokes Raman scattering, respectively. Only a very small 

fraction of light is Raman scattered due to its small cross section which is proportional to 

the probability of an incident photon being scattered (1 in 10 million).19 For this reason, 

the widespread adoption of Raman spectroscopy was initially very limited until the 

advent of the laser as an excitation source combined with other instrumentation 

technologies. Eq. 2.8 shows the theoretical Raman signal that can be detected in terms of 

instrumental variables comprising the collection function.  

S = (PβDK)(AΩTQ)                                                         Eq.2.8 

where S is Raman signal (photoelectrons pulse-1), P is laser power (photons pulse-1cm-2), 

β is the Raman cross-section for a particular Raman band of a particular sample 

(cm2molcule-1sr-1), D is number density of the sample (molecule cm-3), K is sample path 

length (cm), A is area view by the collection optics and spectrometer (cm2), Ω is 

collection solid angle of the collection optics and spectrometer (sr), T is transmission of 

the optics (unitless) and Q is the quantum efficiency of the detector (e-1photon-1). The 

laser and sample function relate to the variables in the first set of parentheses and the 
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collections optics and detector function relate to the variables in the second set of 

parentheses. Technological advancements in recent decades have advanced Raman to a 

very mature state with many commercial products offered to address a wide application 

space. Specific advances include the development of the charge-coupled device (CCD) 

detectors, monochromatic laser sources, and optical filters. The latter is very important 

since the elastic Rayleigh scattered light must be rejected using a narrow band notch filter 

to enable collecting Raman signal from sample. The laser source used can be focused to a 

spot on the sample, providing high spatial resolution.  

A Raman system consists of a spectrometer or interferometer for sorting wavelengths, 

an excitation laser source, and a detector (usually a cooled charge coupled device 

detector). The ideal Raman spectrometer depends on the application. For measurements 

in extreme environments such as planetary and deep ocean exploration, the overall size, 

weight, and power (SWaP) requirements of the spectrometer subsystem and its ability to 

discriminate sample signals from mixtures and complex matrices are critically important. 

In such applications, the spectrometer should have high spectral resolution, large spectral 

range, high light throughput, and be small and lightweight for operating outside of the 

pristine laboratory. Additionally, the Raman spectrometer should be compatible with near 

infrared, visible, UV, or deep UV laser excitation. The SHRS meets all the 

aforementioned requirements and is compatible with any wavelength Raman.3 

2.4 Laser Induced Breakdown Spectroscopy (LIBS) 

Laser-induced breakdown spectroscopy (LIBS) was first reported by Brech and Cross 

in 1962.20 LIBS, also sometimes called laser-induced plasma spectroscopy (LIPS) or 

laser spark spectroscopy (LSS)21, is a spectroscopic technique that allows rapid multi-
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elemental analysis of solids, liquids, and gases with little to no sample preparation. LIBS 

is well suited for in situ, non-contact, and remote elemental analysis. This technique uses 

a low-energy pulsed laser which is focused onto a sample using a lens to produce a 

plasma that heats, ablates, and ionizes a small amount of the sample. Soon after ablation, 

the plasma starts to decay within microseconds, and the excited atoms and ions relax 

down to a ground energy level. As the plasma decays an emission of continuum and ionic 

spectra are observed21 using very similar instrumentation as required for pulsed Raman 

measurements. These processes are followed by spectra from neutral atoms, and 

eventually simple molecules formed from the recombination of atoms.20-26 The continuum 

spectra are observed due to bremsstrahlung (free–free) and recombination (free–bound) 

events. In the bremsstrahlung process, photons are emitted by electrons accelerated or 

decelerated in collisions. Recombination occurs when a free electron is captured into an 

ionic or atomic energy level and gives up its excess kinetic energy in the form of a 

photon. An energy level diagram of these processes is shown in Figure 2.4. The emission 

spectra produce specific characteristics per sample like a fingerprint which allows the 

determination of the atomic composition of the sample. 

LIBS is one of the few analytical techniques which can measure many chemical 

elements simultaneously. LIBS and Raman spectroscopy can be conducted is 

conjunction;27-39 and, the very similar requirements for a Raman spectrometer operating 

in extreme environments follow for a LIBS spectrometer in extreme environments. High 

spectral resolution, large spectral range, high light throughput, and be small and 

lightweight for analyses outside of the laboratory are all necessary characteristics for 

LIBS as with Raman. Thus, SHS technologies are ideally suitable for both. 
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2.5 Monolithic SHRS and SHLS (mSHRS and mSHLS) 

One of the advantages of the SHS solid state design is that it can be built 

monolithically. The SHS monoliths are made of fused silica components with two 15 mm 

gratings and a beam splitter that is approximately 25 x 25 mm as shown in Figure 2.3. 

mSHRS measurements have been demonstrated using a cooled complementary metal 

oxide semiconductor (CMOS) detector which offered similar SNR to that of a cooled 

CCD. Results using both 1D and 2D SHS configurations included wide spectral range, 

high resolution data comparable to an industrial microRaman spectrometer, remote 

Raman and LIBS measurement, 1D imaging, and cross dispersive mSHRS.12,40 Overall, 

the mSHRS offers many advantages over the conventional dispersive Raman systems. 

These advantages include 10 to 100 times larger acceptance angle, 102 to 104 higher light 

throughput, very high spectral resolution, a wide spectral range, and its robustness.6,7    
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Figure 2.1 Schematic diagram of the SHS system. S: sample; L1: collection lens; BS: 

beam splitter; G1 and G2: dispersive gratings, CW: crossing wavefront, L2: imaging lens, 

D: CCD detector, FI: fringe image.  
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Figure 2.2 Jablonski energy level diagram for Rayleigh scattering and Raman anti-Stokes 

scattering and Stokes scattering. 
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Figure 2.3 Energy level diagram of LIBS for emission of excited atoms and ions. 
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Figure 2.4 monolithic Spatial Heterodyne Spectrometer. 
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CHAPTER 3 

CHARACTERIZATION OF MONOLITHIC SPATIAL HETERODYNE LASER 

INDUCED BREAKDOWN SPECTROSCOPY: INITIAL TESTS 

3.1 Introduction 

Laser induced breakdown spectroscopy (LIBS) is an important analysis 

technology that permits fast and direct analysis.1 First reported by Brech and Cross in 

1962,4 LIBS yields simultaneous sensitivity to many elements in the parts-per-million 

(ppm) range for solids, liquids, gases, and aerosols with no sample preparation required. 

It is also fast, requiring under 1s for a measurement making it ideal for real-time analysis. 

These characteristics are some of the most important advantages of LIBS compared to 

other analytical approaches.1 LIBS produces a plasma which ablates and ionizes the 

sample. This plasma is photo absorption dominated by inverse Bremsstrahlung (IB) 

absorption, in which free electrons get kinetic energy directly from the laser beam and 

photoionization of excited species. Because early time continuum radiation cannot be 

reduced by averaging, LIBS spectra are obtained by gating the detector so that data 

collection is delayed relative to the laser pulse. Plasma lifetime at atmospheric pressure is 

typically 30-50 µs, so that delay times of 1-10 µs and data collection intervals of 5-20 µs 

are typical. Elements in LIBS spectra can be qualitatively identified by comparison to 

standard libraries of spectral data maintained by NIST.3  
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This has lead to the development of remote (or remote) LIBS where measurements 

are made on samples many tens of meters distant from the spectrometer. Remote LIBS 

has been used for applications as diverse as explosives detection4-6 underwater 

exploration and mining, planetary exploration,7,8 and assessment of damage to historical 

monuments,9 Remote LIBS has been shown to be useful at distances up to many tens of 

meters and has also been combined with remote Raman.10,11 

Measuring samples remotely using LIBS introduces issues with low collection solid 

angle, which results in low LIBS signal levels. To overcome this issue telescopes are 

usually used for light collection. However, the amount of light collected is limited by the 

throughput of the spectrometer, which is inherently very low because of the need for 

small slits (approximately 50-100 um) to achieve the spectral resolution needed for LIBS. 

Another problem unique to remote LIBS is movement of the laser focus on the sample 

when plasmas are being produced. For samples at large distances it can be difficult 

maintaining the laser focus within the field of view of the spectrometer thus, laser 

pointing stability issues can make spectrometer alignment issues more severe.  

In this chapter, a new type of LIBS spectrometer, the monolithic spatial heterodyne 

LIBS spectrometer (mSHLS) is introduced to combat these issues. The spatial heterodyne 

spectrometer (SHS) was described by Harlander in 1991. The design is like a Michelson 

interferometer but with tilted diffraction gratings, so there are no moving parts, and there 

are no entrance or exit slits.11,12 This design allows for miniaturization13-16 of the 

spectrometer because the spectral resolution is not strongly dependent on the size of the 

device or a slit size as with conventional dispersive spectrometer and it has a high 

throughput since the optical etendue of the SHLS is several orders of magnitude higher 
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than conventional slit based LIBS spectrometers of the same resolving power. Since the 

SHLS has no moving parts, it can be built as a solid state or monolithic device. The 

mSHLS has been recently described.17 This spectrometer has demonstrated higher 

stability and precision than the previous free standing SHLS design and offers many 

advantages over the conventional LIBS spectrometers. These advantages include 10 to 

100 times larger acceptance angle, 102 to 104 higher light throughput, very high spectral 

resolution, a wide spectral range, and robustness.17,18 

3.2 Experimental 

The monolithic Spatial Heterodyne Spectrometer (mSHS) described here was 

custom built by LightMachinery, Inc. (Canada). The mSHS was cemented together using 

a UV-curable epoxy, to make the monolithic interferometer. The interferometer consisted 

of two 15 mm by 15 mm diffraction gratings, a 25 mm N-BK7 50:50 cube beam splitter, 

and two N-BK7 spacers that define the angle in which the gratings are tilted in the 

horizontal plane (e.g., the dispersion plane), with respect to the optical axis. All optical 

faces were antireflection coated to minimize spurious reflections from the zeroth- and 

second-order diffracted beams. For this experiment, 150 grooves/mm gratings blazed at 

500 nm, with the grating angle set by the spacers, to give a 531.6 nm Littrow wavelength 

(spacer angles of 2.288°) was used. 

Figure 3.1 shows the monolithic spatial heterodyne LIBS spectrometer. For LIBS 

measurements, a plasma was generated on the sample using a Continuum Surelite III 

(Continuum, San Jose, CA, USA) pulsed laser, doubled to 532 nm at ~87 mJ/pulse for 

benchtop (non-remote) measurements and ~200 mJ/pulse for all remote measurements. 

The laser was focused onto the sample off-axis, using an f/2, silica lens (L1) for benchtop 
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measurements. In the case of remote LIBS measurements, samples were excited off axis 

using either a 5x beam expander or an f/4 fuse silica lens to control the spot size on the 

sample. The only collection optics used was the mSHLS and the signal was collimated 

using two irises, I1 and I2 set 14 mm in size to ensure that the signal does not over fill the 

gratings of the mSHLS. Two filters (F), 532 nm long-pass filter (Semrock RazorEdge, 

LP03-532RE-25) were placed in front of the mSHLS to block wavelengths below the 

Littrow wavelength for samples the had lines above the Littrow wavelength and no filters 

were used for other measurements. A Nikon AF Nikkor 85 mm f/4 1:1.8D lens (Nikon, 

Tokyo, Japan), L2, was used to image the plane of the mSHLS diffraction gratings onto a 

1024 x 256 pixel, gated ICCD array detector with 26 μm pixels (Princeton Instruments, 

Model PIMAX4) and operated using Lightfield 6.3 software at the following settings: 

thermoelectric cooling to -250C, 100 kHz ADC; high gain and low noise. The imaging 

lens provided a ~1.7x magnification so the image of the 14 mm diffraction grating on the 

detector was ~24 mm, almost filling the detector in the horizontal direction but 

overfilling the vertical direction. For all measurements, a spatial filter, I3, was placed one 

focal length behind the imaging camera lens, L2, on the CCD side, to block higher 

mSHLS grating diffraction orders.   

3.3 Samples 

 Copper plates of unknown purity were obtained from an industrial supply company 

along with magnesium rods (99.9+%, item number: 299405, Sigma Aldrich, St. Louis, 

MO, USA), manganese chips (99%, item number: 266167, Sigma-Aldrich, St. Louis, 

MO, USA) and iron filings of unknown purity pressed into a pellet.  
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3.4 Results and discussions 

Light entering the mSHLS is split into two beams by the beam splitter. The beams 

strike the tilted diffraction gratings such that one wavelength, the Littrow wavelength λL, 

is retro-reflected along the incident light path which recombines at the beamsplitter and 

are diffracted back along the same direction. The grating tilt angle defines the Littrow 

wavelength, the wavelength at which both beams exactly retro-reflect and produce no 

fringe pattern at the detector.11 This means that the angle of incidence is equal to the 

angle of diffraction and a zero-path difference is produced between the two beams 

meaning no interference pattern will be observed for this particular wavelength. The 

grating angle which corresponds to the Littrow wavelength is known as the Littrow angle 

and can be calculated using the grating equation Eqn. 3.1  

nλ = d(sinα + sinβ)                                                       3.1 

where n is the diffraction order, λ is the desired wavelength, d is the grating groove 

density, α is the angle of incidence, and β is the angle of diffraction. By setting the angle 

of incidence and angle of diffraction equal, Eq. 3.1 can be simplified and the Littrow 

angle, θL, of a specific wavelength λ can be calculated in Eq. 3.2 as,  

θL = sin-1(λ/2d)                                                         3.2  

For any wavelength other than Littrow, the recombined light produces a crossed 

wave front, of which the crossing angle is wavenumber dependent and produces an 

interference pattern at the interferometer output.  This output is then imaged onto the 

detector, and the spectrum is extracted using a Fourier Transform method. The number of 

fringes, f, across the CCD is related to the Littrow wavenumber by Eq. 3.3: 
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f = 4(σ-σL)tanθL                                                       3.3  

where f is in fringes/cm, σL is the Littrow wavenumber, and σ is wavenumber of interest. 

According to Eq. 3.3, emission lines above or below the Littrow wavelength may show 

identical fringe patterns and can lead to degenerate lines (i.e., line overlap). It has been 

demonstrated that by tilting one grating vertically the fringes rotate and overlap can be 

removed. In this case, the fringe pattern is rotated clockwise for bands below the Littrow 

wavenumber and rotated counterclockwise for bands above the Littrow wavenumber. The 

tilted grating design result in a doubling of the spectral range of the mSHLS and is 

referred to as a 2D mSHLS.12  

The resolving power, R, is determined by the total number of grooves illuminated 

on the two gratings. Therefore, the mSHLS does not require a narrow slit to achieve high 

resolution as is common with dispersive spectrometers because there is no dependence of 

resolution upon entrance aperture width. This allows the mSHLS to employ very large 

entrance apertures, greatly increasing the throughput of the system, which is 

advantageous when signal strength is low such as when the source is very far from the 

detector in a remote configuration.14 For a mSHLS built with two fully illuminated 

gratings of size W and groove density d, the resolving power is expressed as Eq. 3.4 

R = 2Wd                                                             3.4 

The resolving power in this case is R = 4200, giving a theoretical resolution of ~ 0.1 nm 

at 500 nm. The collection solid, Ω, angle of the mSHLS is related to the resolving power 

shown by Eq. 3.512  

Ω = 2π/R                                                             3.5 
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For this spectrometer the maximum, resolution-limited solid angle field of view (FOV) is 

then 1.4x10-3 sr, and the full acceptance angle is ~ 1.3°. The theoretical maximum 

bandpass of the mSHLS is determined by the resolving power, R, and the number of 

pixels, N, in the horizontal direction on the detector.15-17 The Nyquist limit sets the 

highest fringe frequency that can be measured by the detector to the frequency that 

produces N/2 fringes. The theoretical bandpass, BP, can be calculated using Eq. 3.6 

BP = NλL/2R                                                          3.6 

where N is the number of pixels in the horizontal direction. Due to the limits of the 

intensifier on the detector about 700 ICCD pixels were illuminated horizontally, thus 

about 350 wavelength elements can be measured giving, a theoretical ICCD-limited 

spectral range of ~ 44 nm on either side of the Littrow wavelength. This range is doubled 

if wavelengths above and below Littrow are considered. 

 Benchtop LIBS measurements of copper, magnesium, iron, and manganese were 

taken by placing solid samples on the optical axis, 1.0 m from the mSHLS entrance 

aperture. No collection optics were used to obtain the LIBS emission into the system; 

light was collected only by the 14 mm diffraction gratings. Laser pulses were ~ 86.7 

mJ/pulse with a 0.41 mm diameter spot size at the target and each sample spectrum was 

acquired using 500 laser shots at an ICCD gain of 100. Figure 3.2 shows LIBS emission 

spectra of (a) Cu and (b) Mn metal samples.  Cu spectra were measured at wavelengths 

below the 531.6 nm Littrow but close to the laser wavelength and Mn spectra were 

measured at wavelengths above the Littrow wavelength.  These elements show relatively 

strong emission lines in this spectral range with good signal to noise ratio.  The FWHM 

of the strongest emission lines for both elements are about 0.2 nm which is very close the 
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mSHS theoretical resolution.  The insets show the interference fringe patterns, I, 

background subtracted cross section and the fringe images, FI.  The FV is 0.11 for Cu 

and 0.29 for Mn.  This low value is likely due to the slight tilt on the fringes added by the 

monolith.  The three strong Cu lines at ~ 510, 515 and 522 nm (note, these are below the 

mSHLS Littrow wavelength) match Cu emission lines listed in the NIST spectral data 

base.4 The Cu spectrum was calibrated in wavelength using the known wavelengths of 

the three strong Cu I lines.  This calibration curve was useful in identifying lines in 

spectra collected from different samples as well as for identifying lines at wavelengths 

above the Littrow wavelength that overlapped the spectral region shown.  Two very weak 

lines, at ~ 496 and 502 nm match Cu I emission lines that appear above the Littrow 

wavelength at 570.0 and 562.9 nm, respectively. As shown by Eq. 3.3, lines like this 

above the Littrow wavelength also show up below Littrow, unless blocked by appropriate 

filters.18 In the case of the Mn emission spectra, a 532 nm long pass filter was used to 

prevent overlap of lines below the Littrow wavelength. Figure 3.3 shows emission spectra 

of (a) Mg and (b) Fe metal samples. The FV were 0.05 and 0.06 for Mg and Fe 

respectively. The three strongest Mg lines at 516.7, 517.3 and 518.4 match known Mg I 

emission lines that are listed in the NIST spectral data base. The very weak line at ~ 512 

nm matches a Mg I emission line that appears above the Littrow wavelength at 552.8 nm. 

Note that the Fe and Mn emission spectrum is shown above the Littrow wavelength. 

Since a 532 nm long pass filter was used for both measurements of Fe and Mn there is no 

overlap from lines below the Littrow wavelength. 

Remote mSHLS measurements were conducted at a distance of 4.5 meters. The 

4.5 m of the laser pulse from the laser to the sample, and the resulting LIBS emission 
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returning to the mSHLS takes about 0.25 – 0.40 μs, an order of magnitude smaller than 

the gate delays used in the benchtop configuration. Because the signal was weaker, the 

number of summed laser shots was increased from 500 to 1000. A 63.5 mm diameter 

fused silica lens with a 609.6 mm focal length was introduced on-axis with the mSHLS 

for light collection and an f/4 lens was used to focus a plasma on the sample. Figure 3.4 

shows LIBS spectra of (a) Cu, (b) Mn, (c) Mg and (d) Fe using this setup.  For these 

measurements 1000 laser shots were accumulated for each spectrum and detector gain 

remained at 100.  

  The field of view for the SHS is the maximum acceptance angle for which the 

widest angle of light does not produce an interferogram which differs from the 

interferogram produced by on-axis light by more than one fringe.9 As described above, 

without using any collection optics the acceptance angle of the SHLS is 1.3°, 

corresponding to a FOV of ~ 100 mm for a sample distance of 4.5 m.  Thus, light 

originating from greater than ~ 0.65° on either side of the optical axis should degrade the 

quality of the interferogram. To test this, the FOV was measured by placing a 110 mm 

wide strip of Cu, 4.5 m from the front of the spectrometer with the center of the Cu strip 

aligned with the optical axis of the spectrometer. Spectra were collected in triplicate with 

the laser focus directed by a 5x beam expander in random order to positions along the Cu 

strip and no collection optics except for that of the mSHLS were used. Figure 3.5 shows 

that the baseline-subtracted intensity of the 522 nm metal Cu line, plotted as a function of 

angle from the optical axis. This is relatively constant within +/- 0.2 degrees from the 

optical axis, then drops off quickly at larger angles. This result agrees well with the 

expected theoretical acceptance angle of the SHLS.  The rapid decrease in intensity at 
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angles greater than ~ 0.6° is because the light travels through the mSHLS at such an 

extreme angle that part of the beam completely misses the ICCD.12 The fact that light can 

enter the system up to 0.6° off axis through a large aperture without detriment to the 

interferogram also allows for relaxed alignment requirements for coupling collection 

optics to the mSHLS. This makes it easier to introduce a telescope to improve light 

collection, since it is much easier to align to the large aperture of the mSHLS than with 

the small slit on a conventional dispersive spectrometer. 

3.5 Conclusion 

Remote LIBS with the monolithic spatial heterodyne spectrometer has been 

demonstrated. The wide field of view of the mSHLS, demonstrated successful recovery 

of spectra with LIBS plasma deviating from the optical axis of the spectrometer by ~ 

0.6°, and high throughput of the mSHLS allowing LIBS spectra to be collected at 

distances up to 4.5 m with no collection optics. The addition of a small telescope for light 

collection increased the amount of light collected by an order of magnitude, even while 

accumulating 500 fewer laser shots per spectrum. 
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Figure 3.1 Schematic diagram of the mSHLS system. S: sample, L1: focusing lens, 

F: filters, I1 and I2: iris, L2: imaging lens, I3: spatial filter; D: ICCD detector.  

 

 



 

 
 

5
0
 

 

 

Figure 3.2 Benchtop LIBS spectra of (a) copper metal and (b) manganese metal using the monolithic SHLS, for samples at 1 m. 

Insets: interferogram/cross sections, I, for each spectrum, generated by summing the intensity of each column of pixels in the fringe 

image, FI, and applying background subtraction. The gate delay was 2.2 μs and the gate width was 10 μs. Benchtop measurements 

were made using 500 laser shots. 
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Figure 3.3 Benchtop LIBS spectra of (a) magnesium metal and (b) Fe metal using the monolithic SHLS, for samples at 1 m. Insets: 

interferogram/cross sections, I, for each spectrum, generated by summing the intensity of each column of pixels in the fringe image, 

FI, and applying background subtraction. The gate delay was 2.6 μs and 2.4 μs for magnesium and iron respectively. The gate width 

was 10 μs for both. Benchtop measurements were made using 500 laser shots. 
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Figure 3.4 Remote LIBS spectra of (a) Cu, (b) Mn, (c) Mg and (d) Fe using the monolithic SHLS, for samples at 4.5 m. Insets: 

interferogram/cross sections, I. The gate delay was 0.35 us, 0.45, 0.45, and 0.20 for copper, manganese, magnesium, and iron, 

respectively. Because of software issues, the gate width, rather than gate delay, was changed to compensate for the delay of the 

emission signal reaching the detector after the laser shot, a gate width of 2000 μs for all remote measurements was used. This resulted 

in higher than expected noise for the remote measurements. Remote measurements were made using 1000 shots. 
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Figure 3.5 Metal copper remote LIBS emission intensity, plotted versus the position of the focused laser spot on the sample, relative 

to the optical axis, with the copper sample placed 4.5 m from the mSHLS. Each position was repeated in triplicate with the position of 

the laser spot randomized. No collection optics were used for these measurements, other than the 15 mm mSHS gratings.1
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CHAPTER 4 

CROSS-DISPERSED MONOLITHIC SPATIAL HETERODYNE SPECTROSCOPY 

WITH A TRANSMISSION GRATING 

4.1 Introduction   

The spatial heterodyne spectrometer (SHS), described by Harlander1 and 

Harlander et al.,2 is a fixed grating interferometer with no moving parts that can provide 

high spectral resolution in a very small footprint. The SHS has a large entrance aperture 

and wide acceptance angle that provides high light throughput for extended sources, at 

least two orders of magnitude higher than a conventional dispersive spectrometer.1,3 The 

first description of a spatial heterodyne Raman spectrometer (SHRS) was demonstrated 

for visible Raman spectroscopy,4 UV Raman,5,6 remote Raman,5,7 laser-induced 

breakdown spectroscopy,8,9 hyperspectral Raman imaging10 and recently for cross-

dispersion SHRS.11 The SHRS design has advantages for Raman spectroscopy when a 

small, high-resolution spectrometer with a wide field of view is desired. Lamsal et al., 

showed that the wide field of view can be used to minimize sample degradation in deep-

UV Raman measurements by using a defocused laser.5,6 In the case of remote Raman, the 

wide acceptance angle and large aperture makes the SHRS relatively easy to couple with 

telescopic optics and minimizes laser pointing stability issues because small movements 

of the laser spot on the target do not reduce the amount of light collected by the 



 

55 
 

spectrometer aperture, unlike the case of a dispersive spectrometer where the 

output of the telescope has to be held in focus on a narrow input slit.7,12 However, the 

throughput advantage of the SHS does not typically result in increased sensitivity. When 

an SHS interferogram is limited by photon noise, the SHS suffers from the multiplex 

disadvantage, meaning that photon noise associated with any one spectral feature is 

distributed equally into every other spectral feature as well. As the total photon noise 

increases, so does the multiplex noise floor, thus limiting the detection of weak spectral 

features.11 There are a number of ways to attain SHS spectra with high signal-to-noise 

ratios (SNR), for example one way is achieved by utilizing bandpass filters that reject 

spectral light beyond the Nyquist wavelength.13,14 Other attempts have been made to limit 

the spectral density within an SHS interferogram, notably the echelle grating SHS variant 

which uses various high diffraction grating orders to spatially offset narrow bandpass 

onto a CCD.15 Recently the cross-dispersion technique with a free-standing SHRS 

(xASHRS) was demonstrated.11 This was done by pairing an Amici prism with the SHRS 

which diminished the multiplex disadvantage and minimized the shot noise in weak 

bands, by dispersing Raman wavelengths vertically across the detector, separating strong 

and weak Raman bands, thus increasing the SNR of the weaker Raman bands in 

cyclohexane.11 The xASHRS technique could be improved by employing a more robust 

and stable interferometer such as the monolithic spatial heterodyne spectrometer 

(mSHRS) that we recently described,16-18 and using a dispersion optic with higher linear 

dispersion than the Amici prism to give less shot noise and higher SNR. In the mSHRS, 

all of the optical components of the spectrometer are bonded together. This makes the 

system robust to vibrations and shock and very stable.16-18 In this paper we combine a 
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mSHRS with a cross-dispersion transmission grating (xgmSHRS) and compare the 

resolution and signal to noise ratio (SNR) of spectral features for a variety of samples 

with the use of the mSHRS without a cross-dispersion element.  

4.2 Experimental  

Monolithic Spatial Heterodyne Raman Spectrometer (mSHRS) 

The mSHRS described here was custom-built by LightMachinery, Inc. (Canada) based on 

our original design. The interferometer consists of two 15 mm x 15 mm 600 grooves/mm 

diffraction gratings, blazed at 500 nm, a 25 mm N-BK7 50:50 cube beam splitter, and 

two N-BK7 spacers to set the angle of the gratings at 9.326o in the horizontal plane (i.e., 

the dispersion plane), to provide a 541.27 nm Littrow wavelength for the mSHRS (see 

Figure 1). All optical faces were antireflection coated to minimize spurious reflections 

from the zeroth- and second-order diffracted beams. The 1D mSHRS device is about 3.5 

x 3.5 x 2.5 cm in size and weighs about 80 g and was used for 180° backscatter 

measurements. 

A 532 nm continuous wave (CW) neodymium-doped yttrium aluminum garnet 

laser (Opto Engine, MGL-FN-532nm-1W) was used as the excitation source for all 

spectra shown, with laser power on the samples varying from 7 mW to 150 mW. For 

most sample studies, the laser beam was directed onto the sample using a 50 mm 

diameter, 550 nm long-pass dichroic mirror, M1, (ThorLabs, DMLP550L) at 45o, then 

focused onto the sample using a 25.4 mm, NBK coated, f/4 achromatic lens, L1, 

(Thorlabs AC254-100-A). The same lens also collected the Raman scattered light and 

collimated it, sending the signal into the mSHRS through two 10 mm circular apertures, 
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I1, placed approximately 25 mm apart, to ensure beam collimation. The 10 mm 

collimated beam was reflected using two aluminum mirrors, M2,3, at 45o, through the 13.5 

mm x 12.5 mm transmission grating, G, (Ibsen Photonics, Spectrometer grating, FSTG-

VIS1379-911), at an angle of about 20o so that the first order diffraction, in the vertical 

direction, was on the input optical axis of the mSHRS. An iris, I2, was placed ~ 25 mm 

away from the transmission grating to block overlapping diffraction orders. A 100 mm 

focal achromatic cylindrical lens, CL, (Thorlabs, ACY254-100-A) was used to focus 

diffracted light, to form a vertically dispersed spectrum on the mSHRS gratings. Two 

filters (F), a 532 nm long-pass filter (Semrock RazorEdge, LP03-532RE-25) and a 532 

nm holographic notch filter (Thorlabs, NF533-17) were placed in front of the mSHRS to 

remove strong laser scatter. For sulfur samples, an additional 559 nm band-pass filter 

(Thorlabs, MF559-34) was used. A back-illuminated thermoelectrically cooled, UV-

enhanced, 2048x512 pixel charge-coupled device (CCD, Princeton Instruments-PI, 

PIXIS-2048 2K/BUV) detector, with 13.5 um pixels, cooled to -70o C, and run at 100 

kHz with ADC gain high and in the low noise setting, was used to image the grating faces 

onto the CCD detector at a magnification of 1.7x, so as to fill as much of the detector in 

the horizontal direction as possible. All spectra were measured using Lightfield 6.3 

software. The magnified image filled 1900 pixels in the horizontal direction, limited by 

the camera mount. For all measurements, a spatial filter, I3, was placed one focal length 

behind the imaging f/X camera lens, L2, on the CCD side, to block higher mSHRS 

grating diffraction orders. For non-cross dispersed mSHRS measurements, M2, M3, G, 

and CL were removed. All other parameters stayed the same. Specifications for our 

previously described prism based xASHRS11 are shown in Table 4.1, in comparison to the 
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current grating-based device.  For measurements of sulfur isotopes, the SNR of the 

mSHRS and xgmSHRS were also compared to measurements made using a conventional 

microRaman spectrometer (Horiba Model LabRam). All data processing was done using 

MatLab version 2020b and Igor Pro 8. 

mSHRS Spectrometer specifications 

The nominal resolving power, R, of the mSHRS, as determined by the total 

number of grooves illuminated on the two gratings is 12,000, which gives a theoretical 

resolution of ~ 1.6 cm-1 at the laser wavelength of 532 nm. The experimentally measured 

spectral resolution is usually lower than the calculated value, limited by CCD image 

contrast and the ability to resolve closely-spaced fringes on the CCD. A feature of the 

SHS design is a large collection solid angle, Ω, for extended sources (given by Eq. 1:). 

For the mSHS used in these studies, the maximum, resolution-limited collection solid 

angle is 5.2x10-4 sr, giving a full acceptance angle of ~ 1.3° 

Ω= 2π/R                                                            4.1                                                                

The spectral range, or theoretical maximum bandpass, BP, of the mSHRS is determined 

by the resolving power, R, and the number of pixels, N, illuminated in the horizontal 

direction on the detector.4 The BP of the mSHS used here, calculated using Eq. 2, is ~43 

nm from the Littrow wavelength (~1335 cm-1). This should be taken as an estimate only 

because of uncertainties in things like the beam size, beam spread, grating angle, and 

other things that affect R and N.  

BP = NλL/2R                                                          4.2                                                             
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4.3 Samples 

Sulfur (Sigma-Aldrich), potassium perchlorate (Alfa Aesar), and sodium sulfate (Sigma-

Aldrich) were purchased at 99% purity and pressed into pellets using a hydraulic pellet 

press (Carver Laboratory Equipment, model 3912) using a 13mm stainless steel pellet 

die. Barite was obtained from an Introductory Earth Science Collection (American 

Educational, #1201-000). Sulfur isotopes 34S and 32S were purchased at 99.8% and 99.9% 

respectively (Buy isotope Neonest AB). Isopropanol (Sigma-Aldrich), and cyclohexane 

(Sigma-Aldrich) with 99% purity were measured in 1 cm quartz cuvettes.  

4.4 Results and Discussion  

Monolithic Spatial Heterodyne Raman Spectrometer 

The monolithic spatial heterodyne Raman spectrometer (mSHRS) is a fixed-grating 

heterodyne interferometer. The basic design and operation of the mSHRS has been 

discussed previously.1–10,21–42 Collimated light entering the mSHRS is split into two 

beams by a 50:50 beam splitter, directed onto two tilted diffraction gratings and 

diffracted back along the same direction. The gratings are tilted at an angle, 𝜃L, such that 

a particular wavelength, the Littrow wavelength, λL, is retro-reflected and recombined so 

that no interference pattern is produced. For any wavelength other than Littrow, the 

recombined light produces a crossed wave front of which the crossing angle is 

wavenumber dependent and produces an interference pattern at the interferometer output. 

This output is imaged onto the detector, and the spectrum is revealed upon Fourier 

transform of the resulting fringe pattern. The interference pattern produced on the CCD is 

an image of vertical fringes with intensity as a function of detector position as shown in 

Eq. 3: 
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                             𝐼(𝑥) = ∫ 𝐵(𝜎){1 + cos[8𝜋(𝜎 − 𝜎𝐿)𝑥 tan 𝜃𝐿]}𝑑𝜎
∞

0
                 4.3                       

 

where B(𝜎) is the input spectral intensity at wavenumber 𝜎, 𝜎L is the Littrow 

wavenumber, x is the position on the detector, and the other variables are defined above. 

The fringe frequency on the detector is given by Eq. 4:19  

                                             f = 4(σ-σL)tanθL                                                       4.4                                  

where f is in fringes/cm, σL is the Littrow wavenumber, σ is wavenumber of interest and 

θL is the Littrow angle. According to Eq. 2, emission lines above or below the Littrow 

wavelength may show identical fringe patterns, leading to degenerate lines (i.e., line 

overlap) for wavelengths equally above and below Littrow. It has been demonstrated 

before that this overlap can be removed by tilting vertically, or rotating one grating, 

causing the fringe pattern to be rotated on the CCD.25 Thus, fringes rotate clockwise for 

bands below the Littrow wavenumber and rotate counterclockwise for bands above the 

Littrow wavenumber. In this paper we unambiguously resolve line overlap in a different 

way, by implementing the cross-dispersion technique (xgmSHRS). Cross-dispersion 

eliminates degenerate lines by spatially separating out unique fringe patterns for each 

band into stacked rows in the vertical direction of the CCD, as shown in the FI inset of 

figure 4.2(b). The inset in Figure 4.2 shows the fringe image of both traditional mSHRS 

fringes 4.2(a) and cross-dispersion (xgmSHRS) fringes 4.2(b) along with Raman spectra 

of the sulfur sample that was measured.  

Figure 4.2 shows sulfur Raman spectra measured using the mSHRS spectrometer 

(a) and the xgmSHRS spectrometer (b). In (a), the inset shows a series of vertical fringes 

in the CCD image, corresponding to the Raman bands of sulfur, both above and below 

Littrow. Since the Littrow wavenumber for this spectrometer is 321.9 cm-1, the 219.1 cm-
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1 and 153.8 cm-1 bands are below Littrow, while the 473.2 cm-1 band is above Littrow. 

The 219.1 cm-1 band is well separated, but the 153.8 cm-1 and 473.2 cm-1 bands partially 

overlap in the spectrum, since they are similar distances from the Littrow wavenumber 

(168.1 and 151.3 cm-1, respectively). In (b), the inset shows how the xgmSHRS produces 

a unique fringe pattern for each Raman band, with the Raman shift increasing from 

bottom to top. The complete Raman spectrum is produced by selecting each row in the 

image, performing an FFT unambiguously and summing the result. Vertical dispersion in 

the xgmSHRS removes the degeneracy of overlapping bands, as shown in the spectrum of 

Figure 2(b). The cross-dispersion technique has little effect on the spectral resolution. 

The measured band width for both sulfur spectra was ~6 cm-1. For the 219.1 cm-1 band. 

However, removing the degeneracy of bands using the xgmSHRS technique effectively 

doubles the spectral range. More importantly, the signal to noise ratio (SNR) increases in 

the xgmSHRS spectrum, because vertical dispersion of the spectrum reduces 

contributions of shot noise from stronger Raman bands to weaker bands. The exact 

amount of the SNR increase depends on the relative band intensity, with weaker bands 

showing large improvements. This is discussed further with respect to Figure 5 below.  

Figure 4.3 shows Raman spectra of cyclohexane measured (a) using the mSHRS 

and (b) using the xgmSHRS. The resolution of both spectra is about 5 cm-1. The two 

arrows point at the 1347 and 1444 cm-1 bands in the xgmSHRS spectrum which don’t 

appear in the mSHRS spectrum. Although these bands are outside of the calculated 

theoretical spectral range for the mSHRS, as stated above the resolving-power limited 

calculated value is just an estimate. The bands likely are resolved in the xgmSHRS 

spectrum because of higher SNR in that spectrum and higher fringe visibility, FV (shown 
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in I insets: FV calculated using Eqn. 5 as 0.18 and 0.49 for mSHRS and xgmSHRS, 

respectively) that results from the ability to optimize the fringe focus for the part of the 

image that contains weaker band fringes. Fringe visibility is a measure of fringe contrast 

and is reduced by out of band light that does not contribute to the interference fringes. 

For example, sample luminescence, or other types of broadband background light, which 

does not produce resolvable fringes, can reduced FV significantly and reduce the overall 

spectrum SNR. In a previous paper, we showed that this contribution to FV is greatly 

reduced by the xgmSHRS, because broadband light is separated from Raman bands on the 

CCD.11  

FV = (Imax
 - Imin)/(Imax+Imin)                                                   4.5                                                 

Figure 4.4-4.7 shows Raman spectra of 4.4 isopropyl alcohol, 4.5 barite, 4.6 

sodium sulfate, and 4.7 potassium perchlorate, measured using both the mSHRS (dotted 

line spectra) and the xgmSHRS (solid line spectra), for comparison of the signal to noise 

ratio. The mSHRS and xgmSHRS spectra for each sample are normalized to the highest 

intensity band. There was no difference in the resolution of the spectra with either 

spectrometer. The insets show fringe cross sections of the fringe images for the mSHRS 

spectra (grey lines) and xgmSHRS spectra (black lines). Fringe cross sections for the 

xgmSHRS were taken from the fringe image rows that corresponded to the strongest 

Raman band. In the case of mSHRS fringe images, the bands are not separated on the 

CCD, so all bands, resolved or unresolved, contribute to the fringe cross sections. 

Therefore the FV is much better in the xgmSHRS spectra. The FV values were 0.19, 0.19, 

0.17, and 0.24 using the mSHRS, and 0.46, 0.21, 0.27 and 0.30 using the xgmSHRS for 

isopropyl alcohol, barite, sodium sulfate, and perchlorate, respectively. 
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In general, weaker Raman bands show the greatest improvement in fringe 

visibility and SNR using the xgmSHRS, by reducing shot noise contributions from strong 

bands to the weaker features. An example of this is shown by the band inset (I2) in Figure 

4.4.  The weak 430.2 cm-1 and 487.6 cm-1 isopropyl alcohol bands are clearly seen in the 

xgmSHRS spectrum but are not discernible using the mSHRS.   

Table 4.2 summarizes the SNR for the main bands of the four spectra in Figure 

4.4-4.7, and also shows the SNR ratio improvements for spectra measured using the 

xgmSHRS and mSHRS, ratio improvements. SNR was calculated by taking the band 

amplitude divided by standard deviation of the baseline. In the case of the xgmSHRS 

spectra this was done for each band using the relevant rows of on the CCD.  

The SNR improvements using the xgmSHRS ranged from 1.0 (no improvement) 

to as large as 8.6. As expected, the SNR improvements were in general larger for weaker 

bands. Minimal or no SNR improvement was observed for strong sharp bands in samples 

that had only a few other weak bands. This is expected, since the strongest spectral 

feature would contribute the most shot noise to the total spectrum, so any shot noise 

improvement for this band would be minimal. The largest SNR improvement was for the 

very weak and broad bands of isopropanol, in the 400-500 cm-1 region. We also found 

larger SNR improvements all bands of this liquid sample than for the solid samples. This 

is attributed to better laser focus on the liquid sample (see FI insets in Figure 4.4 and 4.7), 

since this provides a better row separation of the vertical plane of the CCD in the cross-

dispersion image than in the images of the solid samples, and to higher luminescence in 

the alcohol sample which is efficiently removed using the xgmSHRS. A few of the 

sample’s weaker bands do not show as large a SNR improvement as medium intensity 
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bands. This might be an effect of out-of-band light, whose removal by the xgmSHRS has 

a large effect on SNR than the relatively less intense Raman bands.  

 Our first demonstration of the cross-dispersion technique with an SHRS used an 

Amici prism as the dispersive element, and a free standing SHRS (xASHRS).11 The main 

differences between the prism based and the transmission grating-based spectrometers 

are, higher dispersion (~2x higher) more stable monolithic SHS with the transmission 

grating instrument. The xgmSHRS transmission grating also had higher light transmission 

than the Amici prism, which was not anti-reflection coated. Cyclohexane spectra were 

used to compare the SNR improvement of the transmission grating (xgmSHRS) and the 

Amici prism (xASHRS) cross-dispersion spectrometers. The overall SNR improvement of 

the grating-based spectrometer varied from 2x to as high as 132x for the weakest bands 

of cyclohexane. However, much of this improvement seems to be from the use of the 

monolithic SHS rather than the grating itself, as indicated by the mSHRS/SHRS SNR 

improvements of ~2-25, also shown in Table 4.3.  

Sulfur Isotope Measurements using XgmSHRS 

The 34S isotope is an important tracer for deep sea hydrothermal systems vent 

fluid and mineral deposit chemistry and has a natural abundance of about 4%.19 It has 

been shown by multiple sulfur isotope studies many modern biologically mediated 

processes are characterized by mass-dependent fractionation that are different than 

equilibrium predictions. Temperature-dependent equilibrium isotopic exchange between 

sulfur-containing species also generates differences across sulfur isotope signatures, 

making it possible to distinguish between mixing and isotope exchange processes.20,21 

Raman is sensitive to isotope composition because different masses change the frequency 



 

65 
 

and intensity of Raman bands. The Raman 34S band shows up as a prominent shoulder on 

the stronger 32S band, as can be seen by comparing the natural abundance sulfur spectrum 

(Figure 4.8a solid line) with the pure 32S, and pure 34S spectra, shown in Figure 4.8a 

dashed line and Figure 4.8b, respectively. With the improvements of SNR and sensitivity 

that xgmSHRS has over traditional mSHRS, weaker spectral features in Raman bands that 

are overlapped with stronger Raman bands can be detected with higher SNR. For 

example, xgmSHRS can be used to measure isotopic shifts with greater sensitivity 

compared to other techniques. In Figure 4.8(a) representative spectra of sulfur of natural 

isotopic distribution (NatS) and pure sulfur-32 isotope (32S) are shown. 

These were measured with the xgmSHRS. NatS the (solid black line) is normalized 

to 32S (dotted black line) to show the 34S isotope shoulder which is indicated with an 

arrow. The pure 34S isotope at 458.6 cm-1 in 4.8(b) shows the 15 cm-1 wavenumber shift 

of the highest intensity band that lines up with the shoulder of the NatS sample. All sulfur 

measurements were made with an exposure time of 60 s, with a laser power of 30 mW 

and 7 mW for xgmSHRS and mSHRS respectively. The reason for the difference in laser 

power is because the signal reaching the detector in the xgmSHRS system shown in 

Figure 4.1 decreases by ~2x compared to the mSHRS system. The difference in laser 

power helped equalize the signal intensity obtained on these two systems. Since there 

would be ambiguity with the 473.2 cm-1 sulfur Raman band due to the mSHRS fold over 

effects explained with Figure 2, a bandpass filter was implemented to block the 153.8 cm-

1 and the 219.1 cm-1 Raman bands for comparison.  

The SNR of the xgmSHRS had ~2x improvement over the mSHRS and the 

microRaman. These values are shown in Table 4.4. These isotopic bands could be further 
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extracted by using a xgmSHRS with higher linear dispersion. The xgmSHRS has overall 

higher sensitivity and SNR than the mSHRS which leads to better detection of weak 

spectral features.      

4.5 Conclusion 

In this chapter, we described the use of a transmission grating paired with a 

monolithic SHRS (mSHRS), to demonstrate that the crossed-dispersed method facilitates 

the measurement of weak Raman spectral features in various Raman reference samples 

that, in a traditional mSHRS, would be overpowered by multiplicative photon noise. The 

xgmSHRS showed overall improvement in SNR compared to the traditional mSHRS and 

the Amici prism xASHRS. This method demonstrated measurements of sulfur isotopes 

with improved SNRs of weak spectral features that are overlapped with strong spectral 

features. Cross-dispersed mSHRS could allow the analysis of isotopes of other elements 

in the environment. This technique could be further improved by incorporating a 

transmission grating with higher grating groove density, and by using the same focal 

length cylindrical lens as in the current configuration, the linear dispersion of the system 

can be increased without needing to increase the overall size of the optical setup and 

spectrometer. 

4.6 References 

1. J.M. Harlander. Spatial Heterodyne Spectroscopy: Interferometric Performance at 

Any Wavelength Without Scanning. [Ph.D. Dissertation]. Madison, WI: University 

of Wisconsin–Madison, 1991. 



 

67 
 

2. J.M. Harlander, F.L. Roesler, R.J. Reynolds, et al. ‘‘Differential, Field-Widened 

Spatial Heterodyne Spectrometer for Investigations at High Spectral Resolution of 

the Diffuse Far Ultraviolet 1548 A° Emission Line from the Interstellar Medium’’. 

Proc. SPIE. 1993. 2006: 139–148. 

3. P.C.D. Hobbs. “Building Electro-Optical Systems: Making It All Work”. Hoboken, 

NJ: John Wiley and Sons, 2009. 240–242. 

4. N. R. Gomer, C.M Gordon, P. Lucey, S.K. Sharma, J.C. Carter, S.M. Angel, “Raman 

Spectroscopy Using a Spatial Heterodyne Spectrometer: Proof of Concept”. Applied 

Spectroscopy. 2011. (65): 849-857. 

5. N. Lamsal, S.K. Sharma, T.E. Acosta, et al. ‘‘Stand-off UV and Visible Raman 

Measurements Using a Gated Spatial Heterodyne Raman Spectrometer’’. Applied 

Spectroscopy. 2016. 70(4): 666–685. 

6.  N. Lamsal, S.M. Angel. ‘‘Deep-Ultraviolet Raman Measurements Using a Spatial 

Heterodyne Raman Spectrometer (SHRS)’’. Applied Spectroscopy. 2015. 69(5): 

525–534. 

7.  N. Lamsal, S.M. Angel, S.K. Sharma, et al. ‘‘Visible and UV Stand Off Raman 

Measurements in Ambient Light Conditions Using a Gated Spatial Heterodyne 

Raman Spectrometer’’. Paper 1459, presented at: LPSC 2015. Woodland, TX; March 

16–20, 2015. 

8.  P.D. Barnett, N. Lamsal, S.M. Angel. ‘‘Standoff Laser-Induced Breakdown 

Spectroscopy (LIBS) Using a Miniature Wide Field of View Spatial Heterodyne 

Spectrometer with Sub-Microsteradian Collection Optics’’. Applied Spectroscopy. 

2017. 71(4): 585–590. 



 

68 
 

9.  I.B. Gornushkin, B.W. Smith, U. Panne, et al. ‘‘Laser-Induced Breakdown 

Spectroscopy Combined with Spatial Heterodyne Spectroscopy’’. Applied 

Spectroscopy. 2014. 68(9): 1076–1084. 

10.  A.N. Allen, A.M. Waldron, J.M. Ottaway, et al. ‘‘Hyperspectral Raman Imaging 

Using a Spatial Heterodyne Raman Spectrometer with a Microlens Array’’. Applied 

Spectroscopy. 2020. 74(8): 921-931. 

11. M.J. Egan, A. Colόn, S.M. Angel, S.K. Sharma. “Suppressing the Multiplex 

Disadvantage in Photon-Noise Limited Interferometry Using Cross-Dispersed Spatial 

Heterodyne Spectrometry”. Applied Spectroscopy. 2021. 75(2). 

12. Y. Maruyama, J. Blacksberg, E. Charbon. ‘‘A 1024_8, 700 ps Time- Gated SPAD 

Line Sensor for Planetary Surface Exploration with Laser Raman Spectroscopy and 

LIBS’’. IEEE J. Solid-State Circuits. 2014. 49(1): 179–189. 

13. J.M. Harlander, F.L. Roesler, J.G. Cardon, C.R. Englert, R.R. Conway. 

‘‘SHIMMER: A Spatial Heterodyne Spectrometer for Remote Sensing of Earth’s 

Middle Atmosphere’’. Applied Optics 2002. 41(7): 1343–1352. 

14. A.I. Sheinis, E. Mierkiewicz, F. Roesler, J. Harlander, A. Bodkin. ‘‘A Spatial 

Heterodyne Spectrometer for Diffuse H-a Spectroscopy’’. Proc. SPIE. 2008. 7014: 

70140I-1–70140I-12. 

15. V. Sweedler, R.D. Jalkian, G.R. Sims, M.B. Denton. ‘‘Crossed Interferometric 

Dispersive Spectroscopy’’. Applied Spectroscopy. 1990. 44(1): 14–20.  

16. A. Waldron, A. Allen, A. Colόn, J.C. Carter, S.M. Angel. “A Monolithic Spatial 

Heterodyne Raman Spectrometer: Initial Tests”. Applied Spectroscopy. 2021. 75(1): 

57-69. 



 

69 
 

17. A.K. Strange Fessler, A. Waldron, A. Colόn, C.J. Carter, S. Michael Angel, “A 

demonstration of spatial heterodyne spectrometers for remote LIBS, Raman 

spectroscopy, and 1D imaging”. Spectrochimica Acta Part B. 2021. 178. 

18. E.M. Kelly, M.J. Egan, A. Colόn, S.M. Angel, S.K. Sharma. “Remote Raman 

Sensing using a Single-Grating Monolithic Spatial Heterodyne Raman 

Spectrometer—A Potential Tool for Planetary Exploration” Applied. Spectroscopy. 

In press 2022. 

19. X. Wu, Y. Tan, Y. Yi, et al. ‘‘Two–dimensional Spatial Heterodyne Spectrometer for 

Atmospheric Nitrogen Dioxide Observations’’. Optics Express. 2019. 27(15): 

20942–20957. 

20.  Y. Yi, S. Zhang, F. Liu, et al. ‘‘Laboratory Fabrication of Monolithic 

Interferometers for One and Two–Dimensional Spatial Heterodyne Spectrometers’’. 

Optics Express. 2017. 25(23): 29121–29134. 

21.  P. Barnett, S.M. Angel. ‘‘Miniature Spatial Heterodyne Raman Spectrometer with a 

Cell Phone Camera Detector’’. Applied. Spectroscopy. 2016. 71(5): 988–995. 

22. K.A. Strange, K.C. Paul, S.M. Angel. ‘‘Transmission Raman Measurements Using a 

Spatial Heterodyne Raman Spectrometer (SHRS)’’. Applied. Spectroscopy. 2017. 

71(2): 250–257. 

23.  A.N. Allen, S.M. Angel. ‘‘Miniature Spatial Heterodyne Spectrometer for Laser 

Induced Breakdown Spectroscopy and Raman Spectroscopy Using Fresnel 

Collection Optics’’. Spectrochimca Acta, Part B. 2018. 149: 91–98. 



 

70 
 

24.  P.D. Barnett, K.A. Strange, S.M. Angel. ‘‘Improving Spectral Results Using Row-

by-Row Fourier Transform of Spatial Heterodyne Raman Spectrometer 

Interferogram’’. Applied Spectroscopy. 2017. 71(6): 1380–1386. 

25.  J.M. Ottaway, A.N. Allen, A.M. Waldron, et al. ‘‘Spatial Heterodyne Raman 

Spectrometer (SHRS) for In Situ Chemical Sensing Using Sapphire and Silica 

Optical Fiber Raman Probes’’. Applied Spectroscopy. 2019. 73(10): 1160–1171. 

26.  J. Liu, Bayanheshig, X. Qi, et al. ‘‘Backscattering Raman Spectroscopy Using 

Multi-Grating Spatial Heterodyne Raman Spectrometer’’. Applied Optices. 2018. 

57(33): 9735–9745. 

27. J. Qiu, X. Qi, X. Li, et al. ‘‘Raman Measurements Using a Field– Widened Spatial 

Heterodyne Raman Spectrometer’’. Journal of Raman Spectroscopy. 2019. 50: 

1602–1613. 

28.  M.J. Egan, S.M. Angel, S.K. Sharma. ‘‘Standoff Spatial Heterodyne Raman 

Spectrometer for Mineralogical Analysis’’. Journal of Raman Spectroscopy. 2017. 

48: 1613–1617. 

29.  M.J. Egan, S.M. Angel, S.K. Sharma. ‘‘Optimizing Data Reduction Procedures in 

Spatial Heterodyne Raman Spectroscopy with Applications to Planetary Surface 

Analogs’’. Applied Spectroscopy. 2018. 72(6): 933–942. 

30.  G. Hu, W. Xiong, H. Shi, et al. ‘‘Raman Spectroscopy Detection for Liquid and 

Solid Targets Using a Spatial Heterodyne Spectrometer’’. Journal of Raman 

Spectroscopy. 2016. 47: 289–298. 



 

71 
 

31.  J. Qui, X. Qi, X. Li, et al. ‘‘Broadband transmission Raman Measurements Using a 

Field Widened Spatial Heterodyne Raman Spectrometer with Mosaic Grating 

Structure’’. Optics Express. 2018. 26(20): 26106–26119. 

32. J. Qiu, X. Qi, X. Li, et al. ‘‘Broadband, High-Resolution Raman Observations from a 

Double–Echelle Spatial Heterodyne Raman Spectrometer’’. Applied Optics. 2018. 

57(30): 8936–8941. 

33.  J. Qiu, X. Qi, X. Li, et al. ‘‘Development of a Spatial Heterodyne Raman 

Spectrometer with Echelle–Mirror Structure’’. Optics Express. 2018. 26(9): 11994–

12006. 

34.  G. Hu, W. Xiong, H. Luo, et al. ‘‘Research of Spatial Heterodyne Raman 

Spectroscopy with Standoff Detection’’. Spectroscopy and Spectral Analysis. 36(12): 

3951-3957. 

35.  G. Hu, W. Xiong, H. Luo, et al. ‘‘Raman Spectroscopic Detection for Simulants of 

Chemical Warfare Agents Using a Spatial Heterodyne Spectrometer’’. Applied 

Spectroscopy. 2018. 72(1): 151–158. 

36.  G. Hu, W. Xiong, H. Luo, et al. ‘‘Spectral Restoration Method for Spatial 

Heterodyne Raman Spectrometer’’. Journal of Raman Spectroscopy. 2017. 48: 

1633–1643. 

37.  E.A. McCormack, A.H. Mortimer, L. Ciaffoni. ‘‘Compact Spatial Heterodyne Static 

Interferometer’’. Applied Optics. 2020. 59: 4271–4278. 

38.  M.J. Foster, J. Storey, M.A. Zentile. ‘‘Spatial Heterodyne Spectrometer for 

Transmission Raman Observations’’. Optics Express. 2016. 25(2): 1598–1604. 



 

72 
 

39. J.M. Harlander, F.L. Roesler, S. Chakrabarti. ‘‘Spatial Heterodyne Spectroscopy: A 

Novel Interferometric Technique for the FUV’’. Proc. SPIE. 1990. 1344: 120–131. 

40. P. Barnett. The Development of a Miniature Spatial Heterodyne Raman 

Spectrometer for Applications in Planetary Exploration and Other Extreme 

Environments. [Ph.D. Dissertation]. Columbia, SC: University of South Carolina-

Columbia, 2016. 

41. McDermontt, J.M., Ono, S., Tivey, M.K., Seewald, J.S., Shanks, W.C.III, Solow, 

A.R., “Identification of sulfur isotopic equilibria in submarine hot-springs using 

multiple sulfur isotopes” Geochimica et Cosmochimica Acta. 2015. 160: 169-187. 

42. Tomaso R. R., Bontognalia, Alex L. Sessionsa, Abigail C. Allwoodb, Woodward W. 

Fischera, John P. Grotzingera, Roger E. Summonsc, and John M. Eilera, “Sulfur 

isotopes of organic matter preserved in 3.45-billion-year-old stromatolites reveal 

microbial metabolism” Geological and Planetary Sciences. 2012. 109. 

43. Sessions, A.L., Doughty, D.M., Welander, P.V., Summons, R.E., Newman, D.K., 

“The Continuing Puzzle of the Great Oxidation Event,” Current Biology. 2009. 19: 

R567-R574.  

 

 

 



 

73 
 

 

Figure 4.1 Schematic diagram of the xgmSHRS system. S: sample; L1: collection lens; 

M1: dichroic mirror; F: filters, I1 and I2: iris, M2 and M3: aluminum mirrors, G: 

transmission grating, CL: cylindrical lens, L2: imaging lens, I3: spatial filter; D: CCD 

detector.  
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Table 4.1: Comparison of Amici prism and transmission grating specs and set up are 

shown. The improvements of xgmSHRS over the xASHRS are described. 

 

 



 

75 
 

 

 

Figure 4.2 Raman spectra of sulfur are measured with the same mSHRS using traditional 

mSHS technique, 2(a), and using cross dispersion technique (xgmSHRS), 2(b). The fringe 

image inserts (FI) are the fringe images of both the traditional mSHRS fringes 2(a) and 

the cross-dispersion fringes 2(b). For xgmSHRS, the Raman shift increases as one scans 

the image from bottom to top. Figure 4.2(a) shows the 473.2 cm-1 band overlapping with 

the 153.8 cm-1 sulfur band since the 473.2 cm-1 sulfur band would fold over at 151.3 cm-1 

for traditional mSHRS measurements. With the xgmSHRS each sulfur band can be 

separated into its own unique fringe pattern and thus each band can be selected and FFT 

unambiguously as shown in spectrum 2(b). The two arrows in the spectra point at where 

the Littrow wavenumber, (σL), is located. These measurements were made with a 60 s 

exposure time. 
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Figure 4.3 Two cyclohexane Raman spectra are shown. Spectrum (a) is measured using 

traditional mSHRS and spectrum (b) is measured using xgmSHRS. The two arrows on 

spectrum (b) point at the 1347 and 1444 cm-1 bands. The interferogram cross sections 

(inset I) for each spectrum are generated by summing the intensity of each column of 

pixels in the fringe image (inset FI) and applying background subtraction. For xgmSHRS 

this would be done using the number of rows in the selected region. Cyclohexane had an 

exposure time of 60s.The fringe visibility, FV, was 0.18 for (a) and 0.49 for (b). 
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Figure 4.4 Raman spectra of isopropyl alcohol comparing the mSHRS with the xgmSHRS. The most intense band of the mSHRS 

measurements was normalized to the most intense band of the xgmSHRS spectra. The dotted lines are the mSHRS measurements and 

the solid lines are the xgmSHRS measurements. The inset I are the cross sections of mSHRS measurements in grey overlapped with 

the cross sections of the xgmSHRS measurements in black. The inset FI are the cross-dispersion fringe images for each sample. The 

FV is 0.19 with traditional mSHRS and 0.46 with xgmSHRS for isopropyl alcohol, barite, sodium sulfate, and perchlorate respectively. 

The inset, I2, in spectrum (a) is zoomed into the 430.2 cm-1 and 487.6 cm-1 isopropyl alcohol Raman bands that are not detected using 

the mSHRS technique but are detected when using the xgmSHRS technique. All spectra were 60s exposures. 
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Figure 4.5 Raman spectra of barite comparing the mSHRS with the xgmSHRS. The most intense band of the mSHRS measurements 

was normalized to the most intense band of the xgmSHRS spectra. The dotted lines are the mSHRS measurements and the solid lines 

are the xgmSHRS measurements. The inset I are the cross sections of mSHRS measurements in grey overlapped with the cross 

sections of the xgmSHRS measurements in black. The inset FI are the cross-dispersion fringe images for each sample. The FV is 0.19 

with traditional mSHRS and 0.21 with xgmSHRS for isopropyl alcohol, barite, sodium sulfate, and perchlorate respectively. All 

spectra were 60s exposures. 
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Figure 4.6 Raman spectra of sodium sulfate comparing the mSHRS with the xgmSHRS. The most intense band of the mSHRS 

measurements were normalized to the most intense band of the xgmSHRS spectra. The dotted lines are the mSHRS measurements and 

the solid lines are the xgmSHRS measurements. The inset I are the cross sections of mSHRS measurements in grey overlapped with 

the cross sections of the xgmSHRS measurements in black. The inset FI are the cross-dispersion fringe images for each sample. The 

FV is 0.17 with traditional mSHRS and 0.27 with xgmSHRS for isopropyl alcohol, barite, sodium sulfate, and potassium perchlorate 

respectively. The inset, All spectra were 60s exposures. 
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Figure 4.7 Raman spectra of potassium perchlorate comparing the mSHRS with the xgmSHRS. The most intense band of the mSHRS 

measurements was normalized to the most intense band of the xgmSHRS spectra. The dotted lines are the mSHRS measurements and 

the solid lines are the xgmSHRS measurements. The inset I are the cross sections of mSHRS measurements in grey overlapped with 

the cross sections of the xgmSHRS measurements in black. The inset FI are the cross-dispersion fringe images for each sample. The 

FV is 0.24 with traditional mSHRS and 0.30 with xgmSHRS for isopropyl alcohol, barite, sodium sulfate, and perchlorate respectively. 

The inset, All spectra were 60s exposures. 
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Table 4.2: Signal to noise ratio (SNR) comparisons of mSHRS and xgmSHRS SNR are shown along with relative band intensity 

ratios and xgmSHRS/mSHRS ratio improvements. For xgmSHRS, each row on the CCD cross-dispersed image was selected and an 

FFT was applied to produce the individual band and the SNR was calculated by dividing the band amplitude by the baseline of the 

individual noise floor cross-dispersed row. 
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Table 4.3 SNR comparisons of Amici prism and dispersion grating for cyclohexane. 
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Figure 4.8 Representative spectra measured with the xgmSHRS (a) natural sulfur (NatS), 
32S, and (b)34S. In (a) the (NatS) (solid line) is normalized to 32S (dotted line) to show the 
34S isotope position which is indicated with an arrow.  
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Figure 4.9 Representative xgmSHRS spectrum of (a) pure 34S and subtracted 34S spectra 

with xgmSHRS, (b) xgmSHRS, (c) mSHRS, and (d) microRaman. For microRaman 

measurements were made with 60s exposures. 
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Table 4.4: Sulfur isotope comparison of mSHRS and microRaman spectroscopy versus 

xgmSHRS SNR shows a greater improvement in SNR for 34S isotope that is overlapped 

with NatS. The SNR of the xgmSHRS had ~2x improvement over the mSHRS and the 

microRaman 
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CHAPTER 5 

INITIAL CHARACTERIZATION OF A HALF INCH MONOLITHIC SPATIAL 

HETERODYNE RAMAN SPECTROMETER 

5.1 Introduction 

Raman is ideally suited for oceanographic measurements in that it can be used for 

gases, liquids and solids, providing a molecular fingerprint and is good for complex 

multi-component samples and determining crystal phase. Raman spectra can also be used 

to identify organic and inorganic chemical compounds and minerals based on the 

vibrational frequencies, relative intensities, and number of bands in the spectra with little 

to no sample preparation.1-6 Great progress has been made in the development of 

instrument platforms and sampling systems necessary to support Raman spectroscopy for 

oceanographic applications and there are many interest that Raman spectroscopy could 

aid in.7-17 Those interests include the mineralogy of the sea floor and the chemistry of 

pore water, gas seeps, and sea floor vents. Also, the need to monitor gas vents for species 

such as CH4, CO2, CO, H2S, and H2 and to distinguish speciation that are sensitive to 

oxygen concentration (e.g., CH4 vs. CO2, sulfate vs. sulfide) and pH (e.g., HCO3
2- vs. 

CO3
2-) and to make time and spatially resolved measurements of the ocean chemistry, 

e.g., investigate gradients in dissolved gases, such as CO2, and dissolved aqueous 

complexes, such as sulfate and carbonate. The concentrations of such species typically 

are homogeneous and unchanging in the deep ocean.14 When there are compositional 
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variations and concentration gradients, however, such as may exist around a 

hydrothermal vent, they are often transient. There is a need for a technique that could 

quickly recover in situ, such as Raman spectroscopy, that does not disturb the 

compositional distribution.14 Advancement in field deployed Raman spectrometers must 

overcome a number of limitations to current systems, such as: low sensitivity and probe 

depth of field, large size and weight; complex procedures for alignment, calibration, laser 

focusing, and sample positioning; high power usage; and, above all, fragile optics. The 

sensitivity is also often a disadvantage, requiring improvement for detecting more trace 

components. To solve these problems, a compact deep-sea in situ Raman spectroscopy 

system is needed.17  The Spatial Heterodyne Raman Spectrometer (SHRS) was first 

developed by Dohi et al. in 1970,18 and later adapted by Harlander et al. in 1991.19 The 

instrumental design is based on the Michaelson interferometer but instead of two mirrors 

it has two stationary gratings. Since the SHRS is not slit dependent like conventional 

grating spectrometers, it provides high spectral resolution and spectral range in a very 

small footprint. The SHRS was first used for Raman applications in 2011 by Gomer et 

al.21 and later developed for UV Raman22,23 remote Raman22,24 laser-induced breakdown 

spectroscopy25,26 and for hyperspectral Raman imaging.27 One of the advantages of the 

SHRS design for Raman spectroscopy is its wide field of view. Lamsal et al., showed that 

the wide field of view can be used to minimize sample degradation in deep-UV Raman 

measurements by using a defocused laser.22,23 In the case of remote Raman, the wide 

acceptance angle and large aperture makes the SHRS relatively easy to couple with 

telescopic optics and minimizes laser pointing stability issues, because small movements 

of the laser spot on the target do not reduce the amount of light collected by the 
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spectrometer aperture, unlike the case of a dispersive spectrometer where the output of 

the telescope has to be held in focus on a narrow input slit.24,27 

The monolithic Spatial Heterodyne Spectrometer (mSHRS) design allows for the 

spectrometer to be extremely small because the spectral resolution is not a strong 

function of device size and been proven to be a robust Raman spectrometer, immune to 

shock and vibrations, with increased sensitivity at a size and weight orders of magnitude 

smaller than current oceanographic Raman instruments. 28-30  

5.2 Experimental 

Monolithic Spatial Heterodyne Raman Spectrometer (mSHRS) 

The half-inch mSHRS described here was custom-built by LightMachinery, Inc. 

(Canada). The interferometer consists of two 9 mm x 9 mm diffraction gratings, a 12.5 

mm N-BK7 50:50 cube beam splitter, and two N-BK7 spacers that define the angle the 

gratings are tilted in the horizontal plane (i.e., the dispersion plane), with respect to the 

optical axis. All optical faces were antireflection coated to minimize spurious reflections 

from the zeroth- and second-order diffracted beams. The one-dimensional (1D) half-inch 

mSHRS used 300 grooves/mm gratings blazed at 500 nm, with the grating angle set by 

the spacers, to give a 529.4 nm Littrow wavelength (spacer angles of 4.555o). The half-

inch mSHRS device is about 2.2 x 2.2 x 1.3 cm in size and weighs about 17 g.  

Figure 5.1 shows the half-inch mSHRS spectrometer setup that was used to 

measure Raman spectra using a 180o back scatter geometry along the with an inset, I, 

image of the half-inch mSHRS in reference to a US quarter and the original monolith. A 

532 nm continuous wave (CW) neodymium-doped yttrium aluminum garnet laser (Opto 

Engine, MGL-FN-532nm-1W) was used as the excitation source for all spectra shown, 
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with laser power on the sample of 150 mW. For all sample studies, the laser beam was 

directed onto the sample using a 50 mm diameter, 550 nm long-pass dichroic mirror, M1, 

(ThorLabs, DMLP550L) at 45o, then focused onto the sample using a 25.4 mm, NBK 

coated, f/4 achromatic lens, L1, (Thorlabs AC254-100-A). The same lens also collected 

the Raman scattered light and collimated it, sending the signal into the mSHRS through 

two  mm circular apertures, I1, placed approximately 25 mm apart, to ensure beam 

collimation. Two filters (F), a 532 nm long-pass filter (Semrock RazorEdge, LP03-

532RE-25) and a 532 nm holographic notch filter (Thorlabs, NF533-17) were placed in 

front of the mSHRS to remove strong laser scatter. A back-illuminated thermoelectrically 

cooled charge-coupled device (CCD) detector, UV-enhanced CCD detector with 

2048x512, 13.5 um pixels, dark current of 0.001 e-/p/s, and a system read noise of 3.5 e- 

rms (Princeton Instruments-PI, PIXIS-2048 2K/BUV), cooled to -70 oC, ran at 100 kHz 

with ADC gain high and in the low noise setting, and controlled using Lightfield 6.3 

software was used to image the grating faces onto the CCD detector at a magnification of 

2.5x so as to fill as much of the detector in the horizontal direction as possible. The 

magnified image filled 1845 pixels in the horizontal direction. For all measurements, a 

spatial filter, I3, was placed one focal length behind the imaging camera lens, L2, on the 

CCD side, to block higher mSHRS grating diffraction orders. All data processing was 

done using MatLab version 2020b and Igor Pro 8. 

5.3 Samples 

Sodium sulfate (Sigma-Aldrich) were purchased at 99% purity and pressed into pellets 

using a hydraulic pellet press (Carver Laboratory Equipment, model 3912) with a 13mm 
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stainless steel pellet die. Cyclohexane (Sigma-Aldrich) with 99% purity were measured 

in 1 cm quartz cuvettes.  

5.4 Results and Discussions 

Light entering the SHRS is split into two beams by the beam splitter. The beams 

strike the tilted diffraction gratings and are diffracted back along the same direction. The 

beams re-enter the beam splitter and recombine to produce a wavelength dependent 

fringe pattern. The grating tilt angle defines the Littrow wavenumber, the wavenumber at 

which both beams exactly retro-reflect and produce no fringe pattern at the detector.10 For 

any wavelength other than Littrow, the recombined light produces a crossed wave front, 

of which the crossing angle is wavenumber dependent and produces an interference 

pattern at the interferometer output. This output is then imaged onto the detector, and the 

spectrum is revealed upon Fourier Transform. The interference pattern produced on the 

CCD is an image of vertical fringes with intensity as a function of detector position as 

shown in Eq.1: 

I(x) = ∫0
ꝏ B(σ)[1+cos{8π(σ-σL)xtanθL}]dσ                                 5.1 

Where I(x) is the intensity distribution of the fringe pattern as a function of the detector 

position, B(σ) is the input spectral intensity at wavenumber σ, σL is the Littrow 

wavenumber, and θL is the Littrow angle. The number of fringes, f, across the CCD is 

related to the Littrow wavenumber by Eq. 2: 

f = 4(σ-σL)tanθL                                                     5.2   

Where f is in fringes/cm and σ wavenumber of interest. The resolving power, R, is 

determined by the total number of grooves illuminated on the two gratings shown in 

Figure 4.1. Eq. 3:  



 

91 
 

R= 2Wd                                                           5.3 

where W is the width of the grating and d is the grating groove density (grooves/mm). 

The theoretical maximum bandpass of the SHRS is determined by the resolving power, 

R. Figure 5.2 and 5.3 show Raman spectra of sodium sulfate and cyclohexane 

respectively. Figure 5.2 (a) and 5.3 (a) are half-inch mSHRS measurements compared 

microRaman measurements with a 150 um confocal hole size and a 600 grooves/mm 

grating 5.2 (b) and 5.3 (b). The insets, I, are the cross section of the half-inch mSHRS 

spectra. The full width half max (FWHM) of the 992 cm-1 sodium sulfate Raman band 

was 8.9 cm-1 and 5.0 cm-1 for the half-inch mSHRS and the microRaman respectively and 

the FWHM of the 801 cm-1 cyclohexane Raman band was 9.8 cm-1 and 5.1 cm-1 for the 

half-inch mSHRS and the microRaman respectively. The Nyquist limit sets the highest 

fringe frequency that can be measured by the detector to the frequency that produces N/2 

fringes.1 The theoretical bandpass, BP, can be calculated using Eq. 4: 

BP = Nλ/2R                                                       5.4 

 Where N is the number of pixels in the horizontal direction, λ is the Littrow 

wavelength, and R is the resolving power. For the half-inch mSHRS the grating groove 

density is 300 grooves/mm with a 7 mm spot size on R is 4200. With 1581 pixels being 

covered on the detector the theoretical band pass, BP, is approximately 2800 cm-1. The 

measured spectral range is show in figure 5.4. Due to the limitations of running a sample 

that had a band around 2800 cm-1 only a spectral range of up to 2200 cm-1 was measured. 

Figure 5.4 shows Raman spectra of (a) acetaminophen and (b) acetonitrile using a half-

inch mSHRS. This shows the measured spectral range  up to the 2250 cm-1  acetonitrile 

band. The collection solid angle can be shown in Eq. 5:  
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Ω = 2π/R                                                          5.5   

This makes Ω approximately 1.5x10-3 sr giving an acceptance angle of 2.20.  

Compared to conventional Raman spectrometers, the optical throughput, or 

optical Etendue determines the maximum Raman sensitivity for a given laser power. The 

optical Etendue of the mSHRS is several orders of magnitude higher than conventional 

slit based Raman spectrometers of the same resolving power. The amount of light that 

can be collected by an optical system, the optical Etendue, is shown in Eq. 6: 

E = ΩA                                                           5.6 

where Ω (in sr) is the collection solid angle of the system and A (in cm2) is the area 

viewed. The large entrance aperture of the mSHRS allows for very large diameter fibers 

to be used. 3,4 This is especially significant for measuring solids or opaque samples 

because it makes it easier to maintain the proper working distance from the probe to 

sample and it minimizes changes in measured intensity for small changes in the probe to 

sample distance. The sensitivity, however, of the SHRS is related to the fringe visibility 

(FV) as defined in Eq. 7:  

                  FV = (Imax
 - Imin)/(Imax+Imin)                                          5.7 

where Imax is the maximum cross-section intensity and Imin is the minimum cross-section 

intensity. The FV was 0.16 and 0.25 for sodium sulfate and cyclohexane respectively. 

Bands with larger wavenumber shifts produce higher frequency fringes because of the 

symmetry in Eq. 2. Spectral features at wavenumbers both above and below Littrow 

overlap on the detector, and this can cause band overlap. This can be eliminated by 

adding a bandpass filter but, if wavelengths above and below Littrow are desired, 
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degeneracy can be avoided by tilting one grating vertically, producing a rotation of the 

fringe pattern clockwise for bands below Littrow and counterclockwise for bands above 

Littrow. A 2D Fourier Transform of the resulting interferogram recovers the spectrum 

with no ambiguity and this technique can also be used to double the spectral range of the 

SHRS without increasing the number of CCD pixels used.2 Recently new method was 

demonstrated for recovering 2D spectra using a mSHRS with one grating rotated around 

the optical axis.28 

 SHRS measurements have been demonstrated using a complementary metal oxide 

semiconductor (CMOS) detector in a cell phone and showed that uncooled CMOS 

detectors offer similar SNR to that of a cooled CCD.5  Therefore, the size of the detector 

allows the use of a small low-power CMOS detector, similar to that of a cell phone 

detector, but cooled. Overall, the half-inch mSHRS offers many advantages over the 

conventional dispersive Raman systems. These advantages include 10 to 100 times larger 

acceptance angle, 102 to 104 higher light throughput, very high spectral resolution, a wide 

spectral range, and its robustness.5,6    

5.5 Conclusion 

The development of a small, ruggedized ocean Raman spectrometer will require 

reducing the size of the three main components, the detector—usually a CCD, the laser, 

and a wavelength discriminator (e.g., a monochromator, spectrograph, or interferometer). 

This chapter demonstrated on a miniature monolithic Spatial Heterodyne Spectrometer 

(half-inch mSHS), about 2.2 x 2.2 x 1.3 cm in size and weighing about 17 g, used as the 

wavelength discriminator in a Raman spectrometer (mSHRS), in a 1D configuration. The 

spectral resolution of the 1D mSHRS is shown to be about of 8 - 10 cm-1. Although 
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standard size collection and imaging optics were used with the half-inch mSHRS in these 

studies, the use of miniature optics should be possible since the resolution of the half-inch 

mSHS is not a function of size. The use of smaller optics, such as a small diode laser and 

a small CMOS detector, has previously been demonstrated,5, 28 should make possible the 

development of sensitive, high resolution miniature Raman spectrometer. 
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Figure 5.1 Schematic diagram of the mSHRS system. S: sample; L1: collection lens; M1: 

dichroic mirror; F: filters, I1: iris, L2: imaging lens, I3: spatial filter; D: CCD detector. The 

inset, I: is an image of the miniature mSHRS in reference to a US quarter and the original 

monolith.  
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 Figure 5.2 Raman spectra of (a) sodium sulfate using a half-inch mSHRS (529.4 nm Littrow, 300 grooves/mm) and (b) sodium 

sulfate using a microRaman. Exposure time was 60 s for each measurement. The insert shows the cross section for sodium sulfate. The 

fringe visibility was 0.16. 
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Figure 5.3 Raman spectra of (a) cyclohexane using a half-inch mSHRS (529.4 nm Littrow, 300 grooves/mm) and (b) cyclohexane 

using a microRaman. Exposure time was 60 s for each measurement. The insert shows the cross section for sodium sulfate. The fringe 

visibility was 0.16. 
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Figure 5.4 Raman spectra of (a) acetaminophen and (b) acetonitrile using a half-inch 

mSHRS. This shows the measured spectral range up to the 2250 cm-1 acetonitrile band.
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APPENDIX A: PUBLICATIONS 

I.M. Raimundo Jr. S.M. Angel, A. Colόn, “Detection of Low Lithium Concentrations 

using Laser-Induced Breakdown Spectroscopy (LIBS) in High Pressure and High-Flow 

Conditions” Applied Spec. 2021. 75(11).  

Summary 

 This paper described the effects of laser pulse rate and solution flow rate on the 

determination of low lithium concentrations at high pressure for water and 2.5% sodium 

chloride solutions using laser-induced breakdown spectroscopy (LIBS). Preliminary 

studies were performed with 0-40 ppm Li solutions, at ambient pressure and at 210 bar, 

and in static and flowing (6 mL · min-1) conditions, for a combination of four different 

measurement conditions. The sensitivity of calibration curves depended on the pressure 

and the flow rate, as well as the laser pulse rate. The sensitivity of the calibration curve 

increased about 10% and 18% when the pressure was changed from 1 to 210 bar for static 

and flowing conditions, respectively. However, an effect of flow rate at high pressure for 

both 2 and 10 Hz laser pulse rates was observed. At ambient pressure, the effect of flow 

rate was negligible, as the sensitivity of the calibration curve decreased around 2%, while 

at high pressure the sensitivity increased around 4% when measurements were performed 

in a flow regime. Therefore, it seems there is a synergistic effect between pressure and 

flow rate, as the sensitivity increases significantly when both changes are considered. 

When the pulse rate is changed from 2 to 10 Hz, the sensitivity increases 26-31%, 

depending on the pressure and flow conditions. Lithium detection limit studies were 

performed with a laser pulse energy of 2.5 mJ, repetition rate of 10 Hz, gate delay of 500 
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ns, gate width of 1000 ns, and 1000 accumulations. A contentration around 40 ppm was 

measured for Li solutions in pure water for all four measurement conditions, while a 

detection limit of about 92 ppm was determined for Li in 2.5% sodium chloride solutions, 

when high pressure and flowing conditions were employed. The results demonstrated that 

LIBS is a powerful tool for the determination of Li in deep ocean conditions such as 

those found around hydrothermal vent systems. Eight different experimental conditions 

were implemented; static and flow (6 mL min-1) regimes, low (1 bar) and high (210 bar) 

pressures, and low (2 Hz) and high (10 Hz) pulse rates. For pulse rates of 2 and 10 Hz, 

the effect of flow rate seemed to be negligible at ambient pressure. The sensitivity 

increased around 10% and 18% when the pressure was changed from 1 to 210 bar in both 

static and flowing conditions, respectively, indicating a synergistic effect between 

pressure and flow rate, as the sensitivity increases significantly when both changes are 

considered. Increasing the pulse rate from 2 to 10Hz increased the sensitivity from 26 to 

31%, depending on the pressure and flow conditions. The determination of Li in low 

concentrations was performed in water and 2.5% NaCl solution, employing with a laser 

pulse energy of 2.5 mJ, repetition rate of 10 Hz, gate delay of 500 ns, gate width of 1000 

ns, and 1000 accumulations, allowed to achieve detection limits as low as 40 and 92 ppm, 

respectively.  

Contribution to the paper 

 My contributions to this paper involved mimicking preliminary test and aiding in 

writing the paper. A summary of my experimental set up and preliminary data is 

described.  
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A LIBS system combined with a custom-built high-pressure cell was employed in this 

study. Figure 1 shows the optical set up. A pulsed laser source (5 ns, Continuum Surelite 

III Nd:YAG, with a frequency doubling crystal for 532 nm) ran at 2 Hz and 20 mJ of power, 

a polychromator (Chromex Model 250IS/RF, f/4, 300 grooves/mm, blazed at 1000 nm, slit 

of 100 µm) and a thermoelectric cooled -25oC ICCD detector (Princeton Instruments I-

Max 1024-E, 1064x256 pixels). The diameter of the laser pulse was first expanded to 2”, 

with a plano-concave lens (1” diameter, focal distance -1”), before being directed to the 

sample with a dichroic mirror (Thorlabs DMLP550L). The laser pulse was focused into the 

sample with a biconvex lens; the radiation emitted by the plasma was collected by the same 

lens and focused onto the optical fiber tip with a 2-mm core, to be guided into the 

polychromator. The laser pulse energy was adjusted with the laser power control unit, while 

the repetition rate, gate delay, and gate width were controlled by a BNC model 555 pulse 

generator. Spectra were acquired with the aid of Winspec32 software, which allowed the 

adjustment of the number of runs for obtaining a spectrum, the number of spectra, and the 

ICCD detector gain, among other parameters. The optical system was properly aligned, 

and the alignment was evaluated by obtaining an emission of a metal copper sample. 

The laser pulse was focused into a custom-made stainless steel flow cell with an 

internal volume of 40 mL with a sapphire window (diameter 25 mm, thickness 6.35 mm). 

Stainless steel tubing (diameter of 1/8”) connected to an HPLC pump (LC5000, Isco) was 

used to flow the solution throughout the system. The system pressure was adjusted with a 

proportional relief valve (Swagelok R3A series), which was automatically opened when 

the pressure rose higher than the back-pressure provided by an internal spring. Figure 2 

shows the diagram for operating the flow system. To fill up the pump, valve V1 must be 
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closed, while valve V3 is kept open. To pump the solution into the measuring cell, valves 

V2 and V3 are closed, while valve V1 is opened. Valve V4 must be kept open to perform 

measurements at ambient pressure; if it is closed, the pressure inside the system is 

controlled by adjusting the pressure of the internal spring of the relief valve. Valve V2 is 

used to drain the measuring cell, with the aid of a syringe. As the cell volume (40 mL) is 

much higher than the maximum flow rate provided by the pump (6.7 mL min-1), draining 

the cell using only the pump is both inefficient and time consuming. 

 The lithium (Li) aqueous solutions that will be shown were measured at 

experimental conditions, 1 ppm Li concentrations at 1 atm of pressure and 40 ppm Li and 

40 ppm sodium (Na) solution at 1 atm and 100 atm of pressure. These preliminary tests 

were done to test the optimal gating for the detection of Li in low and high concentrations. 

Only up to 100 atm of pressure were measured due to issues with sealing the pressure cell. 

The figure labeled figure A.3 shows the optimal gate width and gate delay in a 1 ppm Li 

solution for the 670 nm line. This was tested by using various gate delays in combination 

with two gate width times 1 us and 2 us. A gate delay of 440 ns and gate width of two us 

seem to provide the best signal for lithium. The figure labeled figure A.4 shows the optimal 

gate delay for the determination of 40 ppm concentration of Li in a 40 ppm Na solution. 

figure A.4 (a) is measured at 1 atm of pressure and (b) is measured at 100 atm of pressure. 

The arrow in figure A.4 (a) points at the 598 nm sodium line which is not as prominent 

when a pressure of 100 atm is implemented like in figure A.4 (b). A gate delay of 380 ns 

and gate width of 2 us were used for both studies. 
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Figure A.1 Schematic diagram of the LIBS high pressure system. S: sample cell, L1: 

negative lens, L2: positive lens, L3: sample focusing and collimating lens, L4: fiber optic 

focusing lens, M1: reflection mirror, M2: dichroic mirror; FO: fiber optic, D: CCD 

detector.  
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Figure A.2 Diagram of the flow system for LIBS measurements (V1-V4, manual valves). 
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Figure A.3 Lithium at 1 ppm concentration at ambient pressure (1 atm). Gate width 2 us 

and gate delay 440 ns.
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Figure A.4 40 ppm sodium and 40 ppm sodium solution at (a) 1 atm and (b) 100 atm. The gate delay was 380 ns and gate width was 2 

us for both studies.
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APPENDIX B: MatLab Code 

This code is used for running cross-dispersed monolithic Spatial Heterodyne 

Spectroscopy row by row blocked grating data. The files should be in “spe” format.  

 

clear 

Xpixels=1024; 

Ypixels=256; 

Type='uint32'; 

  

[filename, path] = uigetfile('*.*', 'choose Raw image SPE file');  

 

FilenameRaw = strcat(path,filename); 

fid = fopen(FilenameRaw); 

status = fseek(fid,4100,'bof'); 

 

a = fread(fid,[Xpixels,Ypixels],Type);%  

fclose(fid); 

Raw = a'; 

  

[filename, path] = uigetfile('*.*', 'choose grating 1 blocked SPE file',path);  

FilenameG1B=strcat(path,filename); 

fid = fopen(FilenameG1B); 

status = fseek(fid,4100,'bof'); 

b = fread(fid,[Xpixels,Ypixels],Type); 

 

fclose(fid); 

g1b = b'; 

  

[filename, path] = uigetfile('*.*', 'choose grating 2 blocked SPE file',path);  

 

FilenameG2B = strcat(path,filename); 

fid = fopen(FilenameG2B); 

status = fseek(fid,4100,'bof'); 

c = fread(fid,[Xpixels,Ypixels],Type);%  

fclose(fid); 

g2b = c'; 

  

[filename, path] = uigetfile('*.*', 'choose both gratings blocked SPE file',path);  
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FilenameBGB = strcat(path,filename); 

fid = fopen(FilenameBGB); 

status = fseek(fid,4100,'bof'); 

d = fread(fid,[Xpixels,Ypixels],Type); 

fclose(fid); 

bgb = d'; 

  

image_corr = Raw-(g1b+g2b)+bgb; 

  

f=image_corr(1:512,1:2048); 

 

mean=mean(image_corr,1);  

meanMatrix= repmat(mean,512,1); 

RawminusMean= image_corr-meanMatrix;  

  

spectrum_2D = abs(fft(f,[],2)); 

spectrum = sum(spectrum_2D); 

  

%% Plot spectrum 

figure; 

plot(spectrum,'f');  

xlim([10 2048]); 

title('spectrum'); 

xlabel('Pixels'); 

ylabel('intensity'); 

  

copy = spectrum'; 
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