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ABSTRACT 

 Space exploration is arguably one of the most important endeavors our species 

has ever undertaken. Rapid advances in rocketry and robotics in recent years has allowed 

for positioning of complex scientific instruments on other planets with a precision that 

was previously thought impossible. This, along with the need for more sophisticated 

chemical measurements to achieve the goals of new, more ambitious missions and recent 

advances in in-situ and remote spectroscopic techniques, has led to a boom in the use of 

spectroscopic instruments for space exploration. However, future missions to the moons 

of Jupiter and Saturn, along with other planetary bodies of interest, will require even 

more sophisticated spectrometers that are smaller, lighter, more energy efficient, and 

more robust. This work describes the development of one such spectrometer that has the 

potential to meets these needs, a miniature spatial heterodyne Raman spectrometer 

(SHRS). The SHRS is capable of high spectral resolution, large spectral range, very high 

light throughput (~ 200x larger than conventional spectrometers), and is capable of being 

miniaturized to the millimeter scale, orders of magnitude smaller than conventional 

Raman spectrometers. The ultimate goal of this project is the development of a 

millimeter-scale, deep-UV Raman spectrometer for eventual inclusion on a planetary 

lander. The work described here focuses on the miniaturization of the SHRS, and the 

optical problems and solutions associated with designing a new spectrometer of such 

small size while maintaining a performance level that is equivalent to spectrometers 

orders of magnitude larger.  
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CHAPTER 1 

 

INTRODUCTION 
 

1.1 IMPORTANCE OF SPACE EXPLORATION 

Space exploration is not only scientifically interesting, but also essential to the 

continuation of human civilization. Human civilization currently exists in a precarious 

position. Global-scale extinction events have occurred several times in the history of the 

Earth and we are not free of this danger. Asteroid impacts, supervolcanos, pandemics, 

nuclear or biological warfare, near-Earth supernova resulting in a gamma-ray burst 

directed at Earth, and the eventual increase in solar luminosity are just a few examples of 

possible events that could wipe out human civilization. Statistically, a global-scale 

extinction event will eventually take place on Earth again, it’s just a matter of time. 

Surveys of academic experts on various global catastrophic risks estimate 10-20% chance 

of a global-scale catastrophic event occurring within this century.1,2 Although there are 

some catastrophic events that could potentially be overcome technologically (e.g., 

diverting the path of an asteroid to avoid impact), most potential events are outside the 

scope of current technology. Astronomer and astrophysicist Carl Sagan famously said, 

“All civilization become either space-faring or extinct.” Human populations existing on 

only one planet means that our civilization can be completely wiped out by a global 

catastrophic event. Colonization of other celestial bodies would add redundancy to the 

existential future of human civilization, ensuring continuation even in the case of a global 

catastrophe on Earth
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Reducing existential risk to human civilization is not the only non-research reason 

to push further space exploration. Resources on Earth are finite and will eventually be 

exhausted, especially as more rare elements (e.g., gold, platinum, tellurium, neodymium) 

are becoming more commonly used in technological development. However, resources 

for space-faring civilizations are essentially unlimited. Consider platinum as an example: 

annual supply of platinum from mining and recycling is ~ 200 metric tons.3 Platinum 

content in LL Chondrites, a class of near-Earth asteroids of which several hundred have 

been identified, has been estimated to be as high as 43,000 metric tons for a 1 km 

diameter asteroid, a relatively small asteroid.4 

1.2 SPACE EXPLORATION EFFORTS 

 Human excursion into space beyond low-Earth orbit has not occurred since the 

last lunar landing in 1972. Space exploration is a costly endeavor, which is made even 

more costly by inclusion of human astronauts. The potential for loss of human life 

requires stringent safety protocols and extensive testing for every mission. Life support 

systems, food, water, waste management, radiation protection, and return fuel increase 

complexity and cost of missions. Scientific instrumentation on robotic landers has helped 

compensate for the lack of in situ observations and sample collection by human 

explorers. While it is still important that human explorers investigate celestial bodies 

when possible, the vastly cheaper and less complex robotic lander/rover missions can 

identify the best locations to place human scientists for further investigation. 

 Satellites have orbited or performed fly-bys of all planets and most large moons in 

the solar system. While the images taken and measurements performed has vastly 

increased our understanding of our neighbors in the solar system, we have only begun to 
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scratch the surface of what can be learned. Currently, the most advanced planetary 

exploration satellite in operation is NASA’s Mars Reconnaissance Orbiter (MRO). The 

MRO is capable of various types of high-resolution imaging, near-IR imaging to obtain 

mineralogical information about surface features, UV imaging for climate tracking, 

visible and IR spectrometers to find residues of minerals that form in the presence of 

water, an instrument for temperature, humidity, and dust content depth profiling of the 

Martian atmosphere, Radar designed to detect sub-surface solid or liquid water, and radio 

communications Doppler shift monitoring to study the gravitation field of Mars.5,6,7,8 

However, even with such advanced data collection capabilities, there is a limit to 

how much information can be obtained from orbit, making surface-based missions 

necessary. Surface missions to other planets began in the mid-1970’s during the space 

race between USSR and USA. Landers were sent to Venus on various missions by both 

countries with suites of instruments including, but not limited to, UV, visible, and IR 

photometers and spectrometers, nephelometers, mass spectrometers, gamma-ray 

spectrometers, gas chromatographs, x-ray fluorescence spectrometers, anemometer, 

penetrometers, and hydrometers.9 During the same period both countries sent landers to 

Mars with many of the same instruments that were used on Venus. The data obtained in 

these missions lead to an explosion of new information about the planets, however, the 

decline of the USSR and wind-down of the Cold War lead to a period of stagnation in 

surface-based planetary exploration. 

The late 1990’s began a new wave of surface-based planetary exploration with 

NASA’s Sojourner rover, the first successful Mars rover. Sojourner carried a variety of 

cameras and an alpha proton x-ray spectrometer (APXS) for determination of 
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composition of mineral samples.10 The success of Sojourner was followed by NASA’s 

twin Mars rovers Spirit and Opportunity in 2004, each weighing in at 16x the dry mass of 

Sojourner. The rovers carried a variety of cameras, miniature thermal emission 

spectrometers, Mӧssbauer spectrometer, APXS, microscopic imager, and a rock abrasion 

tool to investigate sub-surface samples.11 The rovers were planned to operate for 90 sols 

(solar days) but Spirit remained operational for 2623 sols while Opportunity is still 

operation at over 4500 sols at the time of writing.11,12 The twin rovers were followed in 

2012 by Curiosity, 5x the mass and a large increase in the scientific payload. Curiosity 

carries a variety of cameras, a standoff laser-induced breakdown spectrometer (LIBS) 

capable of elemental analysis up to 7 m away, APXS, microscopic imager, x-ray powder 

diffraction (XRD) spectrometer, x-ray fluorescence (XRF) spectrometer, quadrupole 

mass-spectrometer, gas chromatograph, tunable laser spectrometer, and dynamic albedo 

of neutrons instrument to detect hydrogen or liquid and solid water.13 Curiosity not only 

set a new standard for complexity of scientific payload but also demonstrated for the first 

time that a 900 kg, car-sized rover could be set down gently on the surface of another 

planet. Previous planetary landers involved a much harder landing, slowed by parachutes 

to a few m/s before impact, requiring the payload to be very rugged and often resulting in 

damage to sensitive instruments. Curiosity, due to its size and mass, was lowered gently 

to the ground to a very specific, predefined landing spot from a retro-rocket-suspended 

sky-crane in a fully automated process. The gentle touchdown and high-precision landing 

of Curiosity has demonstrated that it is possible to precisely position highly complex 

scientific instruments on other planets which has further increased interest in in situ 

scientific exploration of other celestial bodies within our solar system.  
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1.3 OPTICAL SPECTROSCOPY IN PLANETARY EXPLORATION 

 Optical spectroscopy is a relative new-comer to in situ planetary exploration, even 

though there are features shared across many types of spectroscopy that are useful for the 

goals of planetary exploration. Spectroscopy can provide elemental and/or structural 

chemical information and even map the locations of chemical components in a sample. In 

general, spectroscopy is fast, nondestructive, often does not require contact with the 

sample or sample preparation in a relatively small package size with low power 

consumption. The ChemCam of the Curiosity rover is a good example of the benefits of 

the application of spectroscopy to in situ planetary exploration. The ChemCam is a 

standoff LIBS spectrometer capable of determining the elemental composition of samples 

up to 7 m from the rover in ambient light conditions, mounted on a mast capable of 360° 

of rotation, allowing samples to be investigated regardless of the direction the rover is 

pointed. The ChemCam interrogates a sample area of a few hundred micrometers in size 

at a repetition rate of 1-10 Hz, allowing for rapid profiling of the elemental composition 

of a sample in an essentially non-destructive manner (only picograms to nanograms of 

material is removed per shot).14 

1.4 RAMAN SPECTROSCOPY IN PLANETARY EXPLORATION 

Raman spectroscopy has not yet been used in a planetary exploration mission but 

would be a useful addition and provide complimentary chemical information. Raman 

spectroscopy is a vibrational technique and provides structural chemical information. 

Rama spectroscopy requires no sample preparation, no sample contact and can be used in 

a standoff configuration, nondestructive, capable of providing qualitative and quantitative 

chemical identification, fast, capable of identifying minerals, water, ice, and biomarkers 
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with the same instrument, relatively small package size and low power consumption, 

capable of measurements in ambient light conditions, and capable of mapping location of 

chemicals in a sample.15 Some other techniques that have been used for mineralogical 

analysis in planetary exploration such as thermal emission spectroscopy and near-IR 

reflectance spectroscopy produce spectra with broad spectral features that can easily 

overlap, introducing ambiguity in sample identification.16 Raman, however, produces 

spectra with sharp narrow spectral features that are well separated, providing sample 

identification with less ambiguity.15 Polycyclic aromatic hydrocarbons (PAHs), which 

permeate the solar system on planets, moons, and even comets and have been 

hypothesized to be essential for the development of simple lifeforms, have been shown be 

identifiable with Raman spectroscopy.17 The combination of Raman spectroscopy with 

microscopy, commonly known as microRaman, has been shown capable of mapping 

microfossils (generally, fossils < 4 mm) in mineral samples, which may be useful for 

identifying and studying simple lifeforms on other planets.18 Furthermore, Raman 

spectroscopy is complementary to techniques that are currently being used in planetary 

exploration missions such as LIBS and APXS.19 As of writing two Raman spectrometers 

are planned for the next Mars rover in 2020: a standoff Raman spectrometer with a range 

up to 12 m designed by the group that designed the ChemCam called the SuperCam and a 

UV Raman microscopic imager called SHERLOC.20,21 

1.5 THE SPATIAL HETERODYNE RAMAN SPECTROMETER 

 This work focuses on the development of a miniature spatial heterodyne Raman 

spectrometer (SHRS) for space exploration. The SHRS is a dispersion-based 

interferometer which has many features that are beneficial for space exploration 
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applications: high resolution, large spectral range, wide acceptance angle, and high 

throughput in a package orders of magnitude smaller than conventional Raman 

spectrometers.22 The SHRS can be constructed in a monolithic fashion, in which all 

optical components are physically connected by spacing prisms and optical adhesive, 

resulting in a single piece that is impervious to alignment drift or external vibrations, 

which are typically severe problems with many interferometers.23 Unlike more 

conventional dispersive spectrometers, the SHRS does not require small slits or long 

focal-length optics and thus is capable of a high light throughput with a very small 

package size. Furthermore, spectral resolution of the SHRS is not strongly tied to the size 

of the entrance aperture like it is with conventional dispersive spectrometers, allowing for 

a high resolution and high light throughput at the same time. Finally, the large entrance 

aperture of the SHRS coupled with the wide field-of-view allow for interrogation of a 

large swath of sample simultaneously. This feature is particularly useful for deep-UV 

Raman measurements, in which Raman signal intensity is greatly increased but 

photodegradation of samples is a strong possibility with a tightly focused laser.24 The 

large field-of-view of the SHRS allows for the excitation laser to be defocused to lower 

irradiance while maintaining radiant flux, thus significantly increasing the amount of 

Raman scattered light that can be collected by the spectrometer. 

1.6 DISSERTATION OUTLINE 

 Chapter 2 lays the theoretical background for the general spatial heterodyne 

spectrometer (SHS) design, further explanation of Raman spectroscopy and underlying 

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

the theoretical limits for miniaturization of the SHRS. 
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 Chapter 3 describes the methods of recovery of spectral information from the 

interferograms generated by the SHRS, including a discussion of a method that is not 

commonly used that can help to improve spectral results with difficult-to-correct optical 

alignment errors. 

Chapter 4 describes the use of a standard cell phone camera as a detector for 

Raman measurements with a millimeter-scale SHRS. Cell phone cameras, while much 

higher quality than in the past, still use low-quality optical components, low sensitivity, 

uncooled array detectors, and high-noise analogue to digital converters. However, cell 

phone cameras are orders of magnitude smaller than scientific grade array detectors and 

orders of magnitude lower cost. The high light throughput of the SHRS design can 

overcome the deficiencies of the cell phone camera and successfully recover Raman 

spectra of a variety of samples. 

Chapter 5 describes the implementation of spatial filtering within the SHRS, using 

the inherent dispersive nature of the optical components to filter out unwanted 

background light, improving signal-to-noise of the recovered spectra and opening the 

potential for measurements in ambient light conditions without the pulsed lasers and 

gated detectors typically required for Raman measurements in ambient light. 

Lastly, Chapter 6 describes the use of a miniature SHRS for measurements of 

standoff LIBS at distances up to 20 m. The wide field-of-view of the SHRS relaxes the 

laser-pointing stability requirements for standoff LIBS which usually requires very 

precise alignment between the laser spot on the sample and the collection telescope. 

Furthermore, the high throughput of the SHRS allowed acquisition of LIBS spectra at 
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distances of 20 m with no collection optics, a feat which would be impossible with a 

conventional, slit-based, dispersive spectrometer.
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CHAPTER 2 

 

THEORETICAL BACKGROUND 

 
2.1 INTRODUCTION 

The spatial heterodyne spectrometer (SHS) has many features that, when 

combined, provide an interesting package for a variety of spectroscopy applications. The 

SHS is non-scanning; the entire spectrum is collected simultanesouly with no moving 

parts. The SHS has a compact size, high resolution, large spectral range, and high light 

throughput. By comparison, dispersive spectrometers require long focal length optics and 

very narrow slits to achieve high resolution, thus increasing size and decreasing light 

throughput. Interferometers, however, do not share this requirement.1 Unlike some 

interferometers, the SHS does not require high-precision optics. Fourier transform 

spectroscopy (FTS) systems such as the Fabry-Perot interferometer require optical 

flatness of roughly λ/100 whereas SHS systems require optical flatness of λ/10 or less.2 

FTS systems such as the Michelson interferometer enjoy a multiplex advantage in which 

signal-to-noise is increased with respect to other systems because all wavelengths are 

detected by a single detector. The SHS does not enjoy the full multiplex advantage of the 

Michelson interferometer because the interferogram is spread across many detector 

elements. The SHS does gain a partial multiplex advantage over dispersive spectrometers 

due to photon flux at each detector element being greater than those experienced by 

dispersive systems, as a result of the high light throughput of the SHS. Dispersive 

spectrometers are limited in throughput because they require narrow slits to achieve high
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resolution. FTS systems do not require narrow slits, and as such, have etendue, typically 

200 times greater than that of dispersive spectrometers.2 The SHS has the same 

throughput advantage as FTS systems. Because of this higher throughput, 

interferometers, including the SHS, can achieve sensitivities two orders of magnitude 

greater than those of conventional dispersive spectrometers.1 FTS systems, including the 

SHS, have acceptance angles much greater than those of dispersive spectrometers. The 

acceptance angle of a basic SHS design is ~ 1°. Acceptance angle can be increased 

further through the use of field-widening prisms. Field-widening in FTS systems is 

difficult, requiring complex systems to achieve. Field-widening in the SHS, however, 

does not change the basic design of the system, other than the addition of field-widening 

prisms between the beamsplitter and the gratings, which can increase acceptance angle up 

to 10°.2 In some FTS systems, such as the Michelson interferometer, the interferogram is 

collected as a function of time so variation in source intensity can introduce artifacts into 

the spectrum, known as scintillation noise. However, the SHS is immune to scintillation 

noise because every spectral element is measured simultaneously.2 Finally, the SHS can 

be constructed in a monolithic design which removes the requirement that optical 

elements of the interferometer be held to arcsecond angular tolerances and sub-

wavelength linear tolerances and results in a very rugged spectrometer that is immune to 

the effects of external vibrations which are problematic for most interferometers.1  

2.2 THEORY 

The earliest description of the spatial heterodyne spectrometer (SHS) was given 

by Dohi and Suzuki in 1970.3 The SHS is most easily understood as the familiar 

Michelson interferometer but the return mirrors are replaced by stationary diffraction 
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gratings. As shown in Figure 2.1, collimated light enters the system and is diverted to the 

diffraction gratings by a 50/50 beamsplitter. Light is diffracted by the gratings, inducing a 

wavelength-specific wavefront tilt. The diffracted light then recombines back through the 

beamsplitter, resulting in a crossing of the wavefronts from each arm of the 

interferometer. The crossing of the wavefronts induces a spatial phase shift, which allows 

interference to occur resulting in the formation of a Fizeau fringe pattern of alternating 

light and dark fringes. The generalized diffraction grating equation can be simplified to 

describe the SHS.2 

𝑚

𝑑
= 2𝜎0 sin 𝜃𝐿 Eqn. 2.1 

Where m is the diffraction order, 1/d is the diffraction grating groove density, σ0 is the 

wavenumber of light which diffracts along the same optical path as the input light, thus 

satisfying the Littrow condition for the diffraction gratings at the grating tilt, θL. The light 

that satisfies the Littrow condition, σ0, has no wavefront tilt and thus does not form a 

fringe pattern. The spatial fringe frequency generated by the SHS is given: 

𝑓𝑥 = 4(𝜎 − 𝜎0) tan 𝜃𝐿 Eqn. 2.2 

Where σ is the wavenumber corresponding to any wavelength of light other than the 

Littrow wavelength. Equation 2.2 shows that the spatial fringe frequency of all 

wavelengths of light other than the Littrow wavelength are heterodyned about the Littrow 

wavelength, thus a spatial frequency of zero does not correspond to zero wavenumbers 

but rather to the Littrow wavenumber, σ0. Heterodyning of the fringe pattern allows 

recovery of fringes from a high wavenumber source with a relatively small number of
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Figure 2.1: Schematic diagram of the basic spatial heterodyne spectrometer design. 

BS is the cube beamsplitter. G1 and G2 are the diffraction gratings. θ is the tilt of the 

diffraction gratings. 
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 detector elements. The one-dimensional Fizeau fringe pattern formed by the SHS is 

described by Equation 2.3.3  

𝐼(𝑥) = ∫ 𝐵(𝜎)(1 + cos(2𝜋 ∙ 4 tan 𝜃𝐿 (𝜎 − 𝜎0)𝑥))

∞

0

 𝑑𝜎 Eqn. 2.3 

Where B(σ) is the input spectrum and x is position along the axis that lies in the dispersion 

plane of the diffraction gratings, orthogonal to the optical axis. The Fourier transform of 

I(x) will recover the input spectrum.2 Essentially, the SHS encodes the path difference 

scanned by a conventional Fourier transform interferometer on an array detector with no 

moving parts.4 The output of the SHS is trasmitted to the detector by high-quality 

imaging optics which image the plane of the surface of the diffraction gratings onto the 

detector.4 The limiting resolving power of the SHS, R0, at the detector corresponds to the 

grating resolution limit.2 

𝑅0 = 4𝑊𝜎0 sin 𝜃𝐿 Eqn. 2.4 

Where W is the width of the gratings. Spectral resolution, Δσ, is a function of 

wavenumber and related to resolving power.5 

𝑅 =  
𝜎

∆𝜎
Eqn. 2.5 

The Nyquist criterion requires that sampling frequency be twice that of the highest 

frequency sampled to avoid aliasing.6 For an array detector with N detector elements in 

along the dispersion plane of the diffraction gratings the maximum number of spectral 

elements that can be recovered without aliasing is N/2.4 Thus, the number of spectral 

elements recovered is independent of resolution, unlike conventional Fourier transform 

spectroscopy (FTS) systems in which samples required is typically twice the resolving 
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power.4 The collection solid-angle of the SHS is the same as conventional FTS 

systems.4,7 

Ω =  
2𝜋

𝑅
Eqn. 2.6 

Where Ωm is the collection solid angle. Etendue, or optical throughput, of a spectrometer 

is a measure of how much sample light can pass through the system and is strongly 

related to sensitivity.  

𝐸 = 𝐴𝛺 Eqn. 2.7 

Where E is etendue of the spectrometer and A is the area of the entrance aperture. 

Etendue of FTS and SHS systems are typically 200 times that of conventional, slit-based, 

dispersive spectrometers.2 This high throughput results in sensitivities that are typically 

100 times that of conventional spectrometers.1 The field-of-view, and thereby etendue, of 

conventional FTS and SHS systems can be increased by two orders of magnitude through 

the implementation of field-widening methods within the spectrometer design.8 Unlike 

FTS systems, which require complex systems for field-widening, the SHS can be field-

widened with no moving parts.2 The simplest manner in which to field-widen the SHS is 

to place refractory wedge prisms of the appropriate apex angle between the beamsplitter 

and gratings.2 The apex angle of field-widening prisms is chosen such that the image of 

the gratings is geometrically rotated to appear normal to the optical axis.2 Field-widening 

prism apex angle and rotational position are chosen according to Equation 2.8 and 

Equation 2.9.4 

2(𝑛2 − 1) tan 𝛾 =  𝑛2 tan 𝜃𝐿 Eqn. 2.8 

𝑛 sin (
𝛼

2
) =  sin 𝛾 Eqn. 2.9 
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Where n is the refractive index of the prism material, γ is the angle between the prism 

normal and the optical axis, and α is the apex angle of the prism. There exists an upper 

limit on the capabilities of field-widening, depending upon the magnitude of the Littrow 

angle, though this is not before large gains are achieved. Prism spherical abberations limit 

systems with small Littrow while prism astigmatism limits systems with a large Littrow.9 

The above discussion of field-widening in the SHS assumes that dispersion effects 

introduced by the prisms is negligible. However, for systems designed with a broad 

spectral range or systems designed to operate in the ultraviolet spectral region where 

dispersion is large, achromatic field-widening prisms are required.4 To achieve this two 

prisms of different composition and different apex angles are placed in front of the 

grating with the apex angles pointing in opposite directions.4  

Investigation of Equation 2.2 shows that spatial fringe frequency is identical for 

+σ and –σ, which will result in a spectrum which is folded about σ0, leading to ambiguity 

determining wavenumbers of spectral features.4 This can be alleviated by introducing a 

small vertical tilt to one of the gratings which breaks the symmetry of Equation 2.3, 

introducing a spatial phase shift along the axis orthogonal to the dispersion plane of the 

diffraction gratings, resulting in a new intensity function at the detector.8 

𝐼(𝑥, 𝑦) = ∫ 𝐵(𝜎)(1 + cos(2𝜋 ∙ 4 tan 𝜃𝐿 (𝜎 − 𝜎0)𝑥 + 2𝛼𝜎𝑦))

∞

0

 𝑑𝜎 Eqn. 2.10 

Where α is the angle of the vertical grating tilt. As can be seen in Equation 2.10, the 

vertical tilt of the diffraction grating results in an additional term which corresponds to 

the spatial frequency in the y-axis of the detector. It should be noted that unlike the 

frequency term corresponding to fringes distributed in the x-axis of the detector, the 
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frequency term in the y-axis is not heterodyned. With this type of setup the Fizeau fringes 

corresponding to wavenumbers higher than the Littrow wavenumber are rotated in one 

direction in the plane of the detector while the Fizeau fringes corresponding to 

wavenumbers lower than Littrow are rotated in the opposite direction to produce a cross-

hatched interference pattern.9 A two-dimensional Fourier transform of the cross-hatched 

interference pattern recovers the spectral features above and below Littrow without 

ambiguity. An added benefit of operating in this two dimension SHS format is an 

increase in the spectral range by a factor of two.8   

2.3 RAMAN SPECTROSCOPY 

Raman scattering is a type of scattering theoretically predicted by A. Smekal in 

1923 and observed experimentally by C. V. Raman and K. S. Krishnan in 1928.10 Raman 

scattering involves a change in wavenumber of the incident radiation (e.g., the gain or 

loss of a vibrational quantum) and thus is said to be inelastic.11 As shown in Figure 2.2, 

increase in wavenumber by a vibrational quantum is known as a Stokes shift and decrease 

in wavenumber by a vibrational quantum it is known as an anti-Stokes shift.11 It should 

be noted that the arrows in Figure 2.2 should not be interpreted as distinct absorption and 

emission processes but rather as one process.12 For a vibrational mode to Raman active it 

must follow two selection rules: 1) the change in vibrational state (Δν) must be ±1 and 2) 

there must be a change in polarizability.13A disadvantage of Raman spectroscopy is that 

Raman scattering is extremely weak. A typical cross-section for absorption is ~ 10-17 

cm2·sr-1 while the cross-section for a strong Raman scatterer is ~ 10-29 cm2·sr-1.11 

Scattering scales with the fourth power of wavenumber (σ4), thus excitation lasers of a 

shorter wavelength will produce more Raman photons than excitation lasers of longer 
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Figure 2.2: Jablonski energy level diagram for Raman scattering. 
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wavelength. Changing the excitation wavelength to the UV region can help to 

compensate for these low scattering cross-sections. The relative intensity of Raman 

scattering compared to other processes (i.e., fluorescence) can cause the Raman signal to 

be easily overwhelmed. There are three main ways in which this can be prevented: 1) 

filters can be employed to block out photons from other processes, 2) the excitation 

wavelength can be changed to a different region which reduces or prevents other 

wavelength-dependent processes from occurring (e.g., deep UV or IR excitation prevent 

fluorescence), 3) a pulsed laser and gated detection can block out processes that occur 

slower than scattering (e.g., fluorescence occurs on the timescale of ≥ 10-9 second while 

Raman scattering occurs on the timescale of ≤ 10-12 second). The theoretical number of 

Raman photons detected for a particular sample can be determined.14 

𝑆 =  (𝑃𝛽𝐷𝐾)(𝐴Ω𝑇𝑄) Eqn. 2.11 

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

β is Raman cross-section for a particular Raman band of a particular sample (cm2 

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

(cm), A is area viewed 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 quantum efficiency of the detector (e- photon-1). The variables in the 

first set of parenthesis relate to laser and sample while the variables in the second set of 

parenthesis related to collection optics and detector. Equation 2.11 is stated in terms of a 

pulsed laser but can be adapted to continuous wave lasers by changing variables in terms 

of pulse-1 to second-1. 
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2.4 SPATIAL HETERODYNE RAMAN SPECTROMETER 

The SHS design was first applied to Raman spectroscopy by Gomer et al. and was 

differentiated from the general SHS with the designation spatial heterodyne Raman 

spectrometer (SHRS).15 The low scattering efficiency of Raman makes the high 

sensitivity of the SHS design especially appealing. An advantage of the SHRS over 

conventional Raman spectrometers is the lack of an entrance slit, allowing a much larger 

sample area to be interrogated at one time without loss of resolution or throughput.15-17 

Increasing the excitation laser spot size reduces irradiance at the sample without the 

necessity of reducing radiant flux of the laser.11 Equation 2.11 indicates that the number 

of Raman photons generated is independent of excitation laser spot size, but a slit-based 

spectrometer is limited to a small area viewed (A=slit width * slit height) while the SHRS 

has a significantly larger entrance aperture, the size of which is only limited to a size 

small enough to prevent off-axis rays from degrading the interferogram. The ability to 

use a large laser spot size is especially useful with samples that would otherwise undergo 

photodegradation by a tightly focused laser, which can be problematic with deep-UV 

laser excitation.  

At the time of publication of this work the SHRS has been applied to a variety of 

Raman spectroscopy applications. A variety of solid and liquid Raman samples have 

been investigated with both visible and UV excitation in both benchtop and standoff 

configurations.15,16,18 The lack of moving parts within the SHS design has allowed it to be 

paired with a gated laser (both visible and deep-UV excitation) and gated detector which 

allows measurements of Raman sample in ambient light conditions.19 The large entrance 

aperture and high sensitivity of the SHRS allowed for one-dimensional imaging of 
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pharmaceutical samples in a transmission Raman configuration.17 The SHRS has also 

been employed in a two-dimensional configuration in which one diffraction grating is 

tilted vertically to produce a cross-hatched fringe pattern which doubles the spectral 

range and removes the ambiguity of spectral feature assignment.15,20  

2.5 MINIATURIZATION OF THE SHRS 

The SHRS is particularly well suited to miniaturization, even while maintaining a 

high resolution and large spectral range. The footprint of the SHRS is limited by the size 

of the optical components themselves because the diffraction gratings can be placed 

essentially arbitrarily close to the beamsplitter. Thus, the overall package size of the 

SHRS can be reduced by reducing the size of the optical components and moving the 

optical components closer to each other. The diffraction gratings used in the SHRS have 

a fundamental lower limit for miniaturization which is determined by the angular extent 

of the Airy disc. The minimum diffraction angle that can be resolved by an optical 

element can be determined through the Rayleigh criterion.21 

sin 𝜃𝑚𝑖𝑛 = 1.220 
λ

𝐷
Eqn. 2.12 

Where θmin is the minimum diffraction angle that can be resolved by an optical element of 

diameter D at wavelength λ. The theoretical maximum groove density corresponds to a 

groove spacing of half the wavelength of light to be diffracted. This maximum groove 

density cannot be employed in the SHRS, however, because it would result in a 

diffraction angle of 90°, essentially preventing the diffracted light from even leaving the 

surface of the diffraction gratings. For a given resolution and groove density, the 

Rayleigh criterion can be used to determine the minimum grating size that can be 

employed. Table 2.1 shows the minimum grating widths and angular resolutions of 
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various excitation wavelengths at various groove densities while maintaining 5 cm-1 

resolution. The excitation wavelengths were chosen because they are commonly found in 

lasers and are demonstrative of deep UV, visible, and near IR. The groove densities for 

each excitation wavelength were chosen because they are roughly 90%, 50%, and 10% of 

the maximum groove density. The Littrow angle was calculated with Equation 2.1 such 

that the corresponding excitation wavelength would be the Littrow wavenumber. The 

minimum grating width was calculated using Equation 2.4 reduced by a factor of 2. The 

factor of 2 reduction is done because Equation 2.4 is the diffraction limited resolving 

power for a 2-grating SHS. If resolution is fixed, the equation can be rearranged to find 

diffraction limited grating width at that resolution.  

Throughput is an important consideration for any spectrometer as it directly 

relates to sensitivity which is especially important in Raman spectroscopy due to the low 

signal intensities and high backgrounds. The Kaiser Holospec f/1.8i is one of the highest 

throughputs of commercially available Raman spectrometers at the time of publication, 

thus it is useful for comparison of the SHRS design to one of the best commercially 

available Raman spectrometers. The collection solid angle and resolution of a slit-based 

spectrometer are given in the following equations.11 

Ω =
𝜋

4⁄

(
𝐹
𝑛)

2 Eqn. 2.13 

∆𝜎 = 2𝑅𝑑𝑊 Eqn. 2.14

Where Rd is the reciprocal linear dispersion and W is slit width. The Holospec is f/1.8 so 

the solid angle is 0.242 sr. The grating commonly used in the Holospec for Raman 

excitation at 532 nm has Rd = 2.4 cm-1 pixel-1. Assuming a camera with 20 μm pixel pitch 
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results in Rd = 0.12 cm-1 μm-1 thus requiring a slit no wider than 20.8 μm to achieve a 

spectral resolution of 5 cm-1. The slit of the Holospec is ~ 0.8 cm long. Applying 

Equation 2.7 results in an etendue of 4.0x10-4 cm2 sr. A SHRS with the same spectral 

resolution and 300 groove/mm diffraction gratings would require diffraction gratings ~ 

6.3 mm wide. The solid angle of the SHRS, found with Equation 2.6, is 0.0017 sr and, if 

we assume area viewed is the 80% clear aperture of a beamsplitter the same size as the 

diffraction gratings, the etendue is 3.3x10-4 cm2 sr. The throughput of the Holospec is 

slightly higher but this particular SHRS would be > 3000x smaller while maintaining the 

same resolution and spectral range.  

As the SHRS becomes smaller and smaller it will become more practical to 

switch to a monolithic design in which the diffraction gratings are mounted directly to 

wedge spacing prisms which are in-turn mounted directly to the beamsplitter. This 

reduces the difficulties associated with obtaining and implementing optomechanics of 

sufficient stability and precision to properly orient and stabilize miniature optical 

components. The monolithic SHRS design has the added benefit of reduced sensitivity to 

external vibrations because every optical component experiences the same external 

vibrations equally and simultaneously. However, it is currently unknown as to whether a 

monolithic design completely removes sensitivity to external vibration or simply reduces 

it. The extent of vibrational stability is of particular interest when designing systems to 

operate outside of a controlled laboratory environment.
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Table 2.1: Minimum diffraction grating widths at various excitation wavelengths and 

various diffraction grating groove densities with a constant 5 cm-1 resolution. 

 

Excitation 

Wavelength 

(nm) 

Groove 

Density 

(groove/mm) 

Littrow 

Angle 

(degrees) 

Minimum 

Grating 

Width 

(mm) 

785 

2300 64.52 0.55 

1300 30.68 0.98 

260 5.86 4.9 

532 

3400 64.74 0.55 

1900 30.36 0.99 

380 5.80 4.9 

244 

7400 64.53 0.55 

4100 30.01 1.0 

820 5.74 5.0 
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CHAPTER 3 

 

IMPROVING SPECTRAL RESULTS THROUGH ROW-BY-ROW 

FOURIER TRANSFORM OF SPATIAL HETERODYNE RAMAN 

SPECTROMETER INTERFEROGRAMS 
 

3.1 INTRODUCTION 

 The spatial heterodyne Raman spectrometer (SHRS) is a dispersive 

interferometer, which generates a two-dimensional spatial interference Fizeau fringe 

pattern, capturing the entire interferogram simultaneously with an array detector. The 

design of the SHRS has been described in great detail previously,1-12 however a brief 

explanation is necessary to more easily understand the techniques described in this work. 

The SHRS (shown in Figure 3.1) is similar to the Michelson interferometer, with a 

central beamsplitter which splits incoming light into two coherent beams that strike 

stationary diffraction gratings rather than the scanned mirror and stationary mirror as 

used in a Michelson interferometer. The diffraction gratings induce a wavelength-specific 

wavefront tilt. Diffracted light from each interferometer arm recombines through the 

beamsplitter, causing a crossing of the wavefronts from each arm, inducing a 

wavenumber dependent spatial phase shift along the dispersion plane, which generates 

interference resulting in a Fizeau fringe pattern. The faces of the gratings are imaged onto 

an array detector, which captures the fringe pattern. There is one wavelength of light, 

called the Littrow wavelength, which leaves the gratings along the incident axis, thus has 

no wavefront tilt which prevents wavefront crossing from the two arms of the 
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interferometer and generates no spatial interference pattern. All other wavelengths are 

heterodyned about the Littrow wavelength, which allows the entire spectral range to be 

captured with a relatively small number of detector elements and without scanning the 

diffraction gratings. The spatial fringe frequency generated is given by Equation 3.1: 

𝑓 = 4(𝜎 − 𝜎𝐿) tan 𝜃𝐿 Eqn. 3.1 

Where f is the spatial fringe frequency on the detector, σL is the Littrow wavelength in 

wavenumbers, σ is any other wavelength in wavenumbers, and θL is the angle of rotation 

of the diffraction gratings. Equation 1 indicates that wavelengths longer and shorter than 

Littrow will produce degenerate fringe patterns, resulting in ambiguity in the 

discrimination of whether a spectral feature is above or below Littrow. This can be 

overcome by tilting one of the diffraction gratings vertically, which induces a spatial 

phase shift in the axis orthogonal to the dispersion plane of the gratings, causing the 

fringes resulting from spectral features at wavelengths longer than Littrow to be rotated 

in one direction and the fringes resulting from spectral features at wavelengths shorter 

than Littrow to be rotated in the opposite direction.7  

 In the SHRS small optical misalignments can induce large errors in the generated 

fringe pattern. These optical misalignments can often be difficult to correct in the 

instrument, requiring large, high-precision optical mounts and extremely careful 

alignment. Certain types of optical misalignments result in wavelength-dependent and 

wavelength-independent rotations of the fringe pattern on the detector.  It is possible to 

correct these types of misalignments mechanically by careful initial alignment with a 

strong emission source (e.g., Hg vapor lamp) followed by careful tweaking with a high 

Raman-cross-section sample (e.g., sulfur), which is helpful for final alignment due to the 
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Figure 3.1: Schematic diagram of the SHRS: S = sample, L1 = collimating lens, F = 

laser rejection filters, W1 = the plane wave of the sample light entering the SHRS, BS 

= cube beamsplitter, G1 = G2 = diffraction grating, θL = diffraction grating rotation 

angle, W2 = crossed wavefronts from each arm of the interferometer, L2 = imaging 

lens, D = array detector. 
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significantly shorter coherence length of Raman bands. There are still types of optical 

misalignments that cannot be easily detected until the final spectrum is obtained, as we 

will show in this work, which significantly increases the difficulty in obtaining a proper 

optical alignment. However, it is possible to correct the effects of these types of fringe 

misalignments with relatively simple and computationally efficient post-processing.  

Recovery of the spectrum from the fringe pattern generated by the SHRS has been 

reported using three different methods: 1) applying a two-dimensional fast Fourier 

transform (FFT) to the fringe image to produce a 2D spectrum which is then summed or 

averaged to recover the 1D spectrum,1 2) summing the columns of the array detector to 

produce a one-dimensional interferogram, or fringe cross section, then applying the FFT 

to produce a 1D spectrum,2-6 and 3) applying a one-dimensional FFT to each row of the 

fringe pattern to recover a spectrum for each row which are then averaged together to 

recover the final spectrum.8 The first and second methods of applying the FFT to the 

interferogram generated by the SHRS has been discussed at length in the literature, 

however the third method has only briefly been described in the literature with no 

accompanying discussion of the benefits of the method. We have found that the effects of 

fringe rotation in the plane of the detector caused by a vertical tilt of the dispersive 

elements of the SHRS or rotation of the dispersive elements about the optical axis can be 

corrected in post-processing by applying the FFT in this third manner. If the fringe 

pattern is rotated on the plane of the detector, the column-sum method, denoted above as 

the second method, will not produce an interferogram that accurately represents the 

fringe pattern, and if the rotation of the fringe pattern is great enough, a useful one-

dimensional interferogram cannot be recovered by this method. Furthermore, even a 
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small rotation of the fringes on the detector will result in a decreased signal-to-noise ratio 

(SNR) when the column-sum FFT method is employed. The 2D FFT is capable of 

recovering the spectrum when the fringes are rotated on the detector, and is particularly 

useful for certain configurations of the SHRS in which a cross-hatched interferogram, 

composed of both clockwise rotated fringes and counter-clockwise rotated fringes, is 

formed. However, if this type of cross-hatched interferogram is not generated, the 2D 

FFT distributes the noise of a y-axis Fourier transform into the 2D spectrum 

unnecessarily which increases the noise in the final spectrum. We have found that if the 

Fourier transform is applied to each row of the fringe image individually as described in 

the third method above, the output spectrum of each row is not significantly different 

than if the fringe pattern were not rotated. This is due to the fact that the fringe 

modulation within a given row of pixels does not change significantly with rotation of the 

fringes because, relative to that row of pixels, rotation is equivalent to the 1D interference 

pattern being shifted left or right without significant alteration to the spatial frequency of 

the fringes or depth of modulation. Shifting the 1D interference pattern left or right 

within a given row of pixels does not significantly affect the output of the Fourier 

transform because the sine/cosine waves that are fit by the Fourier transform are not a 

function of absolute position within the input vector. Thus, the spectrum can be recovered 

from a rotated fringe pattern without the unnecessary noise added by a 2D FFT. 

3.2 EXPERIMENTAL 

 Two different SHRS setups were used for the data shown, an SHRS with 25 mm 

optics, hereafter referred to as the large SHRS, and an SHRS with miniature 2.5 mm 

optics, hereafter referred to as the miniature SHRS. Both setups have been described 
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elsewhere,5,12 however a brief description of each system is provided here. The large 

SHRS was constructed using a 25 mm cube beamsplitter (CM1-BS013, Thorlabs Inc., 

Newton, New Jersey, USA), and two 25 mm square 150 grooves/mm diffraction gratings. 

A high quality imaging lens (105 mm focal length, f/2.8 AF Micro-Nikkor, Nikon Corp., 

Tokyo, Japan) was used to image the faces of the diffraction gratings onto a liquid 

nitrogen cooled 1340x1300 element CCD (VersArray, Princeton Instruments, Trenton, 

New Jersey, USA). The diffraction gratings were held in four-axis grating mounts 

(DGM-1, Newport Corp., Irvine, California, USA) to allow precision adjustment of 

grating pitch, yaw, roll, and z-axis translation with 50 microradian angular sensitivity. A 

532 nm CW laser (Millenia Pro 2s, Spectra-Physics, Santa Clara, California, USA) was 

used for Raman excitation. Raman scattered light was collected and collimated using a 25 

mm diameter f/2 achromatic lens (49766, Edmund Optics, Barrington, New Jersey, 

USA). Scattered laser light was rejected using a combination of a 532 nm razor-edge 

long-pass filter (LP03-532RE-25, Semrock, Rochester, New York, USA) and a 532 nm 

notch filter (SuperNotch Plus, Kaiser Optical Systems Inc., Ann Arbor, Michigan, USA) 

placed in the collimated beam in front of the SHRS. 

 The miniature SHRS was constructed with a 5 mm cube beamsplitter (BS007, 

Thorlabs Inc., Newton, New Jersey, USA) and two 25 mm square 300 grooves/mm 

diffraction gratings (GR25-0305, Thorlabs Inc., Newton, New Jersey, USA) which were 

masked to allow only a 2.5 mm wide area to be illuminated, effectively acting as 2.5 mm 

gratings. A high quality imaging lens (80-200 mm focal length f/4.5-5.6 D, Nikon Corp., 

Tokyo, Japan) was used to image the faces of the diffraction gratings onto a CCD (Pixis 

400, Princeton Instruments, Trenton, New Jersey, USA) which was thermoelectrically 



www.manaraa.com

 

36 

 

cooled to -70 °C. A 532 nm CW laser (MLL-III-532, Opto Engine LLC, Midvale, Utah, 

USA) was used for Raman excitation. The laser power was set to ~ 100 mW and focused 

onto the sample using a 25 mm diameter, f/16 lens, providing a focused laser spot a few 

hundred micrometers in diameter. A 25 mm diameter f/2 lens was used to collect and 

collimate the scattered light from the sample into the SHRS. Two 532 nm razor-edge 

long-pass filters (LP03-532RE-25, Semrock, Rochester, New York, USA) were used to 

reject scattered laser light. The Littrow wavelength was set to the laser wavelength, 532 

nm, for both systems. Powder samples of high-purity sulfur (J.T. Baker Chemical, item 

number: 4088-1) and potassium perchlorate (Sigma-Aldrich, ≥ 99% purity, item number: 

241830 were pressed into compact pellets using a 10 ton pellet press. All data was 

processed with MATLAB and spectra were prepared for figures using Igor Pro.  

3.3 RESULTS & DISCUSSION 

 Figure 3.2 shows a Raman fringe image that was measured with the miniature 

SHRS for a sulfur sample.  It is necessary to mention that with the 25 mm diameter f/2 

collection lens ~99% of the collected light was lost due to the small size of the diffraction 

gratings, however the optical efficiency is not germane to the studies described in this 

work as the sample light impingent upon the gratings was sufficient to recover strong 

spectra.  Figure 3.2a shows a typical manner in which SHRS fringe images have been 

processed to recover the Raman spectrum. The fringe image is column-summed to 

produce a 1D interferogram, or fringe cross section, to which the FFT is applied to 

recover the spectrum. This method has some obvious deficiencies; such as if the fringe 

pattern is rotated, it would produce a distorted 1D interferogram upon column-

summation. Rotated fringes will widen the fringe modulation, resulting in an inaccurate 
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interferogram, which will in turn result in a distorted spectrum. It may be possible to shift 

the rows to re-align a rotated fringe pattern, however this is either extremely tedious if 

done manually or complex if done using a computer program. Figure 3.2b shows another 

way to correct for fringe rotation in post-processing by simply applying the FFT in a 

different manner. In this case the Fourier transform is applied to every row of pixels 

individually to produce row-specific spectra, which are then summed to recover the final 

spectrum. Note: in Figure 3.2b only 5 row interferograms are shown for simplicity.  The 

individual row interferograms are not significantly different when the fringe pattern is 

rotated than when the fringe pattern is not rotated. Upon Fourier transformation, the row-

specific spectra are not significantly different from each other in terms of spectral feature 

location within the Fourier domain. Thus, upon summation of the row-specific spectra the 

spectral peaks are not shifted and the spectrum is not distorted. The row-by-row FFT 

method can also be used to correct other types of fringe displacement, such as wavy or 

curved fringes.  

 Figure 3.3 shows a comparison of three different methods of applying the Fourier 

transform to a Raman fringe image, collected with the miniature SHRS, where the fringes 

were intentionally rotated by about 8°.  One diffraction grating of the miniature SHRS 

was tilted vertically to induce a spatial phase shift orthogonal to the diffraction grating 

dispersion plane, causing the fringe pattern to be rotated on the detector as shown in the 

fringe image of potassium perchlorate Raman in Figure 3.3a. The SHRS, like other 

interferometers, is very sensitive to alignment and only a very slight vertical tilt was 

required to induce the significant fringe rotation observed here. Figure 3.3b shows the 

intensity cross-section that is produced by column summation of the rotated fringe image, 
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Figure 3.2: Comparison of column-sum Fourier transform and row-by-row Fourier 

transform. (a) Typically the fringe pattern generated by the SHS is column summed to 

produce a one-dimensional interferogram which is Fourier transformed to recover the 

spectrum. (b) The row-by-row FT involves performing the FT over each row of the 

2D fringe pattern individually to produce a spectrum for each row which are then 

summed to recover the final spectrum. 
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and shows no evidence of interference fringes. The sharp drop in intensity around the~ 

500 pixel point is due to a vertical strip of dead pixels near the middle of the fringe 

image. The FFT of the column sum is shown in Figure 3.3c and, as expected, no Raman 

spectral features of perchlorate are observed.  

 It is possible to recover a spectrum from the rotated fringe pattern shown in 

Figure 3.3a by applying a 2D FFT. The 2D FFT is shown in Figure 3.3d, and can be 

considered to be the combination of the FFT along the x-axis of the image with the FFT 

along the y-axis of the image, resulting in a 2D Raman spectrum. As shown in Figure 

3.3d, the spectral intensity in the 2D Raman spectrum generated by the 2D FFT is 

localized to only a few rows while all other rows contain noise, distributed by the FFT 

along the x-axis and y-axis of the fringe image. The y-axis position of peaks within the 

2D spectrum generated by the 2D FFT relates information about direction and magnitude 

of fringe rotation, and as described in previously published SHRS papers, this 

information can be used to unambiguously determine Raman bands both above and 

below the Littrow wavenumber.2-4 Figure 3.3e shows the Raman spectrum that is 

obtained by summing all rows of the 2D FFT image.  The Raman spectrum is recovered 

with a SNR of ~71, determined as the ratio of the baseline subtracted peak intensity to the 

standard deviation of a region of the baseline in which no peaks are present, a great 

improvement over the spectrum shown in Figure 3.3c.  As shown in Figure 3.3f, the SNR 

is further improved to ~156 by summing only the rows of the 2D spectrum in which the 

spectral features are most prominent.  

 The largest SNR improvement is obtained by applying the FFT to each row of the 

fringe image in Figure 3.3a individually to produce the 2D Raman spectrum shown in 
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Figure 3.3g, where each row corresponds to the Raman spectrum of each row of the 

fringe image. Unlike the 2D FFT, spectral features can be observed in every row of the 

2D spectrum of the row-by-row FFT in Figure 3.3g, removing the necessity of selecting 

rows in which spectral features are located. The final Raman spectrum is recovered by 

summing each row of the 2D row-by-row FFT spectrum, as shown in Figure 3.3h. The 

SNR of the row-by-row FT in Figure 3.3h is ~310, significantly greater than even the 

best spectrum produced by the 2D FFT for this data. As discussed above, the 2D FFT is 

the combination of the FFT along the x-axis of the image and the FFT along the y-axis of 

the image. Essentially, the row-by-row FFT is only half of the 2D FFT process, allowing 

the relevant spectral information to be recovered from the fringe images generated by the 

SHRS without the noise of the y-axis FFT being distributed into the 2D spectrum, which 

allows the row-by-row FFT to achieve a higher SNR. Unlike the 2D FFT method, the 

row-by-row FFT process does not remove the degeneracy for bands above and below the 

Littrow wavenumber (see Equation 3.1), which is important if there is an interest in 

measuring bands above and below Littrow simultaneously (e.g., measuring both Stokes 

and anti-Stokes Raman bands when Littrow is set to the excitation wavelength or 

doubling the spectral range).  

 The discussion of Figure 3.3 is related to fringe rotation caused by a vertical tilt of 

a diffraction grating in the interferometer.  A vertical tilt of the diffraction grating 

introduces a spatial phase shift along the axis orthogonal to the dispersion plane of the 

diffraction grating. That is to say, the phase shift at the top of the grating will be slightly 

different than the phase shift at the middle of the grating or bottom of the grating. Thus 

each point on the detector is a combination of the y-axis phase shift due to the tilt of the 
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grating and the x-axis phase shift due to the wavefront tilt induced by diffraction. As the 

y-axis phase shift is independent of wavelength and is the same at a given point for each 

wavelength, the degree of fringe rotation is the same for each wavelength, thus the fringe 

rotation is wavelength independent.  It is also possible to have a wavelength dependent 

fringe rotation, caused by the grating being rotated so that the grooves of one grating are 

not perfectly parallel to the grooves of the other grating. When the dispersion planes of 

the diffraction gratings are not perfectly parallel to each other, that is to say the gratings 

are not perfectly level with respect to each other, each wavelength of light has its own 

specific, diffraction-induced x-axis phase shift due to the tilt of the wavefront, as above. 

However, because the dispersion planes are not parallel to each other, this also induces a 

wavelength-specific y-axis component to the phase shift at a given point. That is to say, if 

one grating’s dispersion plane lies perfectly in the xz-plane, where z is the optical axis, 

and the other grating’s dispersion plane is slightly rotated about the z-axis such that it 

forms an angle with the xz-plane, the wavelength-specific diffraction along the dispersion 

plane of the first grating will have only a x-axis phase component because there is no 

phase change along the y-axis (assuming the grating surface is perfectly normal to the 

optical axis), however the wavelength specific diffraction along the dispersion plane of 

the second grating will have both a x-axis phase component and a y-axis phase 

component simultaneously, even if the second grating’s surface is normal to the optical 

axis. Thus each wavelength of light leaving the second grating will have its own unique 

y-axis phase component leading to the rotation of the fringe pattern to be wavelength 

specific where the fringes resulting from one wavelength have a different rotation angle 

on the detector than the fringes resulting from a different wavelength. The angular 
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Figure 3.3: Comparison of three different methods of applying the Fourier transform 

with rotated fringes. (a) Intentionally rotated potassium perchlorate Raman fringe 

pattern. (b) The typical column sum interferogram. (c) The Fourier transform of the 

column sum interferogram. (d) A heat map of 2D FFT 2D spectrum zoomed in so that 

the relatively narrow peaks can be more easily seen. (e) The spectrum obtained by a 

column sum of the 2D FFT. (f) The spectrum obtained by selecting only the row of 

the 2D spectrum in which the spectral bands are the most intense. (g) A heat map of 

the row-by-row FFT 2D spectrum. (h) The spectrum obtained by the column sum of 

the 2D spectrum generated by the row-by-row FFT. Note: images are not scaled the 

same. 
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mismatch between the dispersion planes of the diffraction gratings required for this to 

negatively affect the final spectrum is small enough that it cannot be easily detected by 

eye. Ideally this can be avoided by careful alignment using high precision four-axis 

grating mounts in the SHRS, but in practice small misalignments are difficult to avoid. 

However, it is possible to correct for the problem of dispersion plane angular mismatch 

with the row-by-row FFT.  

 Figure 3.4a shows the Raman spectrum of potassium perchlorate, collected with 

the large SHRS, using the typical sum-column FFT method, but with the diffraction 

gratings slightly misaligned intentionally to induce a wavelength-dependent fringe 

rotation. The relative band intensity does not conform to that which we would expect to 

find with potassium perchlorate and there are significant band artifacts, such as the 

relatively strong band shoulder located on the low-wavenumber side of the 941 cm-1 band 

which is not expected.13 Specifically, the lower wavenumber bands have a much higher 

intensity relative to the higher wavenumber bands. This is an indication that the high 

spatial frequency fringes were rotated on the detector, causing their intensity in the 1D 

interferogram to be reduced, resulting in a lower spectral intensity. In Figure 3.4a, the 

full-width half-maximum (FWHM) of the 941 cm-1 perchlorate band is 10 cm-1 and the 

SNR is ~110.  Figure 3.4b shows the Raman spectrum using the same approach, but in 

this case the diffraction grating was carefully re-aligned so there was no observable 

wavelength-dependent fringe rotation in the Raman fringe image. As expected, this 

spectrum shows a significantly improved signal-to-noise ratio of ~364, and a relative 

band intensity more similar to that which we would expect for potassium perchlorate and 

a FWHM of the 941 cm-1 band of ~9 cm-1. Also, the artifact appearing on the 941 cm-1 
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Figure 3.4: Comparison of spectral results when one diffraction gratings is rotated 

about the optical axis. (a) The typical column-summed FT applied to potassium 

perchlorate Raman with the diffraction gratings rotated slightly about the optical axis 

so the grooves are not exactly parallel, which induces a small wavelength-dependent 

fringe rotation, distorting relative peak intensities, and reducing overall peak intensity. 

(b) The sum-column FFT of potassium perchlorate after 4-axis grating mounts were 

used to adjust the grating rotation to remove the wavelength-dependent fringe rotation. 

(c) The row-by-row FFT of the potassium perchlorate Raman data with the gratings 

imperfectly aligned as in (a). 
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band is greatly reduced. 

 Figure 3.4c shows the Raman spectrum produced using the row-by-row FFT 

method, obtained with the same intentionally misaligned fringe image to produce the 

spectra in Figure 3.4a.  The SNR of the row-by-row FFT produced Raman spectrum 

shown in Figure 3.4c, ~761, higher than the spectra in Figures 3.4a-b, and the relative 

intensity are as expected for potassium perchlorate with 9 cm-1 band resolution.  Also, 

there are no spectral artifacts or unexpected band shoulders.  The 2 to 7 fold increase in 

SNR shows that the row-by-row FFT method provides improved SNR over the column-

sum method even when there is no visually observable misalignment in the 

interferometer.  

3.4 CONCLUSIONS 

 Very slight misalignment of the diffraction gratings in the SHRS spectrometer can 

lead to both wavelength independent and wavelength dependent fringe rotation in the 

Raman fringe images, which can lead to decreased SNR and band artifacts in the 

resulting Raman spectra.  These effects can be minimized by proper application of the 

FFT to the fringe images.  Application of a 2D FFT to the Raman fringe image is useful 

to recover the Raman spectrum for the case of wavelength independent fringe rotation in 

the Raman fringe image and provides higher SNR than applying the FFT to a fringe cross 

section that is generated by summing all the rows in the fringe image.  However, 

applying the FFT to each row of the Raman fringe image separately, then summing the 

resulting Raman spectra provides higher SNR and fewer spectral artifacts than the 2D 

FFT method, for the case of both wavelength independent and wavelength-dependent 

fringe rotation.
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CHAPTER 4 

 

MINIATURE SPATIAL HETERODYNE RAMAN SPECTROMETER 

WITH A CELL PHONE CAMERA DETECTOR 

 
4.1 INTRODUCTION 

 The spatial heterodyne Raman spectrometer (SHRS) is a dispersive-based 

interferometer, which has high throughput, a large field-of-view, high resolution, and 

large spectral range, in a small form factor which can be miniaturized to the millimeter 

scale. The SHRS described here is orders of magnitude smaller than CCDs typically 

employed with Raman spectrometers, which has prompted the exploration of smaller 

form-factor detectors. Cell phones have become ubiquitous with continuously improving 

optics and camera sensors in a small package, with tens of megapixels commonly 

available on millimeter-sized sensor chips, at the time of publication. The spectral range 

of the SHRS is limited by the spectral resolution and the number of detector elements in 

the dispersion plane of the diffraction gratings. The high pixel density of the small sensor 

chips used in cell phones allows for a high resolution SHRS while maintaining a large 

spectral range. However, unlike the high quality CCDs typically used with Raman 

spectrometers, CMOS sensors typically employed in most cell phone cameras are not 

cooled which increases thermal noise significantly, have noisier analogue-to-digital 

converters further increasing noise, and are only 8-bit or 10-bit instead of the 16-bit 

typical of scientific quality CCDs. Thus, cell phone sensors have significantly lower 

sensitivity and significantly higher noise. The high throughput and multiplex advantage 
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of the SHRS can overcome the inherently more noisy sensor typically employed in cell 

phone cameras. 

 The operation of the SHRS has been described in detail elsewhere,1-10 however a 

brief overview is necessary. The SHRS is similar in design to the Michelson 

interferometer, commonly used for FT-IR measurements, however, rather than a scanning 

mirror and stationary mirror, the SHRS has two stationary diffraction gratings, G1 and G2 

in Figure 4.1. The diffraction gratings are tilted such that one wavelength, the Littrow 

wavelength, satisfies the Littrow condition and diffracts along the same optical path as 

the input light, θL in Figure 4.1. All other wavelengths of light diffract at wavelength-

specific angles, inducing a wavelength-specific wavefront tilt. When the tilted wavefronts 

recombine through the beamsplitter, the crossed wavefronts, W2 in Figure 4.1, from each 

diffraction grating induces a spatial phase shift along the dispersion plane of the gratings, 

causing interference to occur, thus producing a set of Fizeau fringes. The plane of the 

diffraction gratings is imaged with a lens, L2 in Figure 4.1, onto an array detector, D in 

Figure 4.1. The Fourier transform of these fringes recovers the spectrum. During spectral 

acquisition the gratings are not scanned and there are no moving parts. The resolving 

power of the SHRS is determined by the number of grooves of the diffraction grating 

illuminated, and is not a strong function of the entrance aperture size. Thus very small 

diffraction gratings can be used while maintaining high resolution and high light 

throughput. This allows the SHRS to be miniaturized to the millimeter scale while 

maintaining high resolution and a large spectral range. 

 Recent years have seen a surge in the application of cell phone cameras for 

scientific imaging including molecule and nanoparticle imaging,11,12  medical applications 
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Figure 4.1: Schematic diagram of the SHRS. S is the sample to be analyzed, L1 is a 

collection lens which collimates collected Raman scattered light into the SHRS, F is a 

laser rejection filter, W1 is the incoming wavefront of light, BS is a cube beamsplitter, 

G1 and G2 are diffraction gratings, θL is the grating tilt angle which satisfies the 

Littrow condition for a specific wavelength, W2 is the crossed wavefronts from each 

arm of the interferometer, L2 is a high-quality imaging lens which images the plane of 

the diffraction grating onto an array detector, D. An example fringe pattern is shown 

below the array detector, D, and the Fourier transform of the fringe pattern recovers 

the spectrum, which is shown to the left of the fringe pattern. 
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including detection of various cancers,13-18 atmospheric measurement,19 measurements of 

food and beverages,20 explosives detection,21 and absorption and fluorescence 

spectroscopy.22 Despite these numerous applications of cell phone technology to 

scientific study, including some forms of spectroscopy, the authors are unaware of any 

peer-reviewed published work employing a cell phone camera as a detector for Raman 

spectroscopy. 

 This chapter describes experiments performed with a millimeter-sized SHRS and 

a standard cell phone camera as a detector with no intermediate optics other than the 

optics built into the cell phone. The experiments were also repeated using the same 

miniature SHRS, with high quality imaging optics, and a high-quality CCD to function as 

a comparison to a more typical spectrometer setup.   

4.2 EXPERIMENTAL 

 The SHRS was constructed using a 5 mm cube beamsplitter (Model #: BS007, 

Thorlabs Inc., Newton, New Jersey, USA) and 25.4 mm square 300 grooves/mm 

diffraction gratings (Model #: GR25-0305, Thorlabs Inc., Newton, New Jersey, USA) 

which were masked with black anodized aluminum foil placed over the grating to allow 

only a 2.5 mm wide hexagonal area to be illuminated. This provides a system resolving 

power of ~ 1070 as described in detail below. The distance between the diffraction 

gratings and beamsplitter was limited by the commercially available mechanical mounts 

used, ~ 30 mm from the surface of the grating to the nearest face of the beamsplitter. 

Sample light was collected with a 25.4 mm diameter f/2 lens (L1 in Figure 4.1) placed 

one focal length from the sample to collimate collected light into the SHRS. Stray laser 

light and Rayleigh scattered light were blocked using two 532 nm razor-edge, long-pass
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Figure 4.2: As the diffraction gratings of the SHRS are decreased in size the gratings 

can be placed closer to the beamsplitter without overlap from adjacent diffraction 

orders, which can degrade interferogram quality, thus decreasing the footprint of the 

system. The inset diagram shows the 5x5 mm footprint of the smallest footprint point 

on the plot. 
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 filters (Semrock LP03-532RE-25, Rochester, New York, USA) placed in the collimated 

beam in front of the SHRS (F in Figure 1(a)), tilted to allow > 50 cm-1 Raman shifted 

light to pass into the SHRS.  

 The cell phone used was a standard LG G4 (LG Electronics, Youngdungpo-gu, 

Seoul, Korea) which has f/1.8 optics, a 5312x2988 pixel sensor with 1.12 μm pixel pitch, 

exposure times ranging from 1/6000 s to 30 s, and is capable of saving images in a RAW 

format. The optics of the cell phone camera have a short enough focal length to allow the 

face of the gratings to be imaged with the cell phone placed ~ 25 mm from the 

Beamsplitter, giving ~ 0.08 magnification, estimated by the number of pixels of the cell 

phone illuminated and the 1.12 μm pixel pitch. The imaging lens used to couple the 

SHRS to the CCD was a Nikon 80-200 f/4.5-5.6 D (Nikon Corporation, Tokyo, Japan) 

set up to image the plane of the grating face onto the CCD with ~ 2.6 magnification, 

estimated in the same manner as the cell phone, to illuminate as many pixels a possible, 

thus providing a larger spectral range. The CCD used was a Pixis 400 (Princeton 

Instruments, Trenton, New Jersey, USA) which has a 1340x400 pixel sensor with 20 μm 

pixel pitch, thermoelectrically cooled to -70 ºC.  The CCD output was 16-bit, providing a 

total of 65,536 possible different values for each pixel.  

 A 532 nm variable-power CW laser with a maximum power of 300 mW (Model 

#: MLL-III-532, Opto Engine LLC, Midvale, Utah, USA) was used for sample excitation. 

The laser was set to ~ 100 mW and focused onto the samples using a 25.4 mm diameter 

f/16 lens giving a spot size on the sample of several hundred microns. The collection 

solid angle of the SHRS, according to Equation 4.1, is ~5.9x10-3 sr, giving an angular 

field of view of the SHRS of about 2.1°.  



www.manaraa.com

 

54 

 

𝛺 =
2𝜋

𝑅
Eqn. 4.1 

Powder samples of high-purity sulfur (J.T. Baker Chemical, item number: 4088-1), 

potassium perchlorate (Sigma-Aldrich, ≥ 99% purity, item number: 241830), sodium 

sulfate (EM Science, item number: SX0761-1), and ammonium nitrate (Sigma-Aldrich, 

99.999% purity, item number: 256064) were pressed into pellets using a 10 ton pellet 

press. This provided compact samples without need for sample containment. 

4.3 RESULTS & DISCUSSION 

The SHRS can be miniaturized by reducing the widths of the beamsplitter and 

diffraction gratings which allows the gratings to be placed closer to the beamsplitter. The 

distance between the diffraction grating and the beamsplitter is theoretically limited by 

the distance at which adjacent diffraction orders overlap the diffraction order of interest 

on the detector. Overlap of adjacent diffraction orders with the diffraction order of 

interest can generate additional, unwanted interference patterns which degrade the 

recovered interference pattern formed by the diffraction order of interest. One method to 

eliminate diffraction order overlap as the diffraction gratings move closer to the 

beamsplitter is to increase diffraction grating groove density, which increases the angular 

distance between diffraction orders. The resolving power of the SHRS is limited by the 

number of grooves of the diffraction grating illuminated as indicated by Equation 4.2: 

𝑅 = 2𝑊𝐷 Eqn. 4.2 

Where R is the resolving power, W is the width of the diffraction gratings, and D is the 

groove density of the diffraction gratings. As the diffraction grating width is decreased, 

higher groove density gratings must be used to maintain the same resolving power. Thus, 

as the diffraction diffraction gratings are moved closer to the beamsplitter and the widths 
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of the diffraction gratings and beamsplitter are decreased for miniaturization, diffraction 

grating groove density must increase to avoid order overlap which compensates for the 

resolving power that would be lost by using smaller gratings with constant groove 

density. The result is an exponential decrease in SHRS footprint as the size of the 

diffraction grating is decreased as shown in Figure 4.2. When the diffraction grating 

groove density increases to a point at which the angle of diffraction orders adjacent to the 

diffraction order of interest is 90°, allowing the diffraction gratings to be placed 

arbitrarily close to the beamsplitter. At this point the physical size of the beamsplitter and 

diffraction gratings is the limiting factor in the miniaturization of the SHRS. The inset of 

Figure 4.2 indicates the SHRS footprint for 90° adjacent diffraction order, however this is 

only the point at which the diffraction gratings can be placed arbitrarily close to the 

beamsplitter, not the theoretically smallest SHRS footprint. The SHRS described in this 

work has a footprint > 20 times smaller than our previously published SHRS.1-5 

 Although cell phone cameras have made great strides in sensor and optical 

quality, there are features, which degrade their function as a spectroscopic detector. Chief 

among these features is the color filter array (CFA) used in color detectors which allows 

the interpolation of the colors of the objects imaged. Briefly, the CFA is a grid of color 

filters overlaid on top of the sensor chip, each filter allowing only one range of 

wavelengths to pass to the pixel underneath. Each pixel then only detects light roughly 

correlating to the wavelength range corresponding to red, green, or blue. Figure 4.3 

demonstrates a typical CFA arrangement on the left and the color-specific pattern 

observed by the sensor. Demosaicing algorithms are applied to the raw sensor output to 

interpolate the color detected by each group of pixels and an RGB value is assigned to 
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Figure 4.3: Left: one of the most common arrangements of filters within color filter 

arrays (CFA). Right: each color within the filter array transmits only wavelengths of 

light corresponding to red, green, or blue. The mosaic generated on the sensor by the 

CFA is then interpolated with a demosaicing algorithm, resulting in an RGB value for 

each pixel. 
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each pixel. While this process allows color images to be obtained, spatial resolution is 

reduced due to the interpolation process and sensitivity is reduced due to most of the light 

impingent upon a given pixel being filtered out. In the case of the SHRS, the spectral 

information of the light impingent upon the sensor is encoded in the Fourier domain of 

the spatial interference pattern. The light rejection of the CFA throws away light 

unnecessarily when used as a detector for the SHRS. CCDs commonly used as detectors 

for spectrometers, like the Pixis CCD used in this work, are monochrome detectors and 

do not have a CFA.  

 One of the primary reasons for choosing the particular cell phone used in these 

experiments is the ability to save images in the RAW file format. The RAW image 

format is digital negative (DNG), which saves the raw sensor output without applying 

any white balancing, smoothing, or sharpening algorithms. The DNG image, when 

properly processed, produces a more accurate representation of the sensor readout than 

the JPG format typically employed by most other cell phone cameras, which involves 

compression algorithms which discard data to minimize file size. The RAW format 

image output of the cell phone is 10-bit, providing a total of 1024 different possible 

values for each pixel. DNG images were imported and processed using a MATLAB 

program designed to extract relevant information from the file metadata, linearize the raw 

sensor data based on information extracted from the file metadata, apply color balance 

multipliers from the metadata in the appropriate RGB format corresponding to the CFA 

layout specific to the sensor, and apply the demosaicing algorithm.23 Raman spectra were 

recovered by applying the FFT to each row of the image individually instead of summing 

all the rows and then applying the FFT. The individual row FFT outputs were then 
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summed to recover the final spectrum. This method of performing the FFT in a piecewise 

manner corrects for many imperfections in the fringe images.  

 Scientific-grade CCDs are typically cooled (-70 ºC with thermoelectrical coolers 

or -120 ºC with liquid nitrogen) which significantly reduces thermal noise within the 

sensor chip. Cell phone cameras operate at or above ambient temperature and thus have a 

significantly higher noise floor than a CCD. Furthermore, the readout electronics in 

CCDs have been designed specifically to be very low noise. Analogue-to-digital 

conversion in CCD sensors is a linescan process in which conversion to the digital 

domain is handled on a pixel-by-pixel basis which causes a bottleneck in data readout. 

Analogue-to-digital conversion in CMOS sensors, which are the most common sensor 

type in cell phones, is a parallel process in which each pixel is converted to the digital 

domain on-chip before readout. This fundamental difference in operation allows 

analogue-to-digital conversion in CMOS sensors to occur much faster than CCDs.   

 The miniature SHRS system described is far from optimal.  The 25.4 mm 

diameter f/2 lens collection lens used produces a collimated beam 10 times larger than the 

size of the masked diffraction gratings and as a result ~ 99% of the light collected is lost. 

This can be avoided by using a 2.5 mm diameter, f/2 collection lens. Also, the grating 

masks were not cut with high precision or aligned precisely, and were punched using an 

Allen wrench, and the hexagonal shape lead to reduced spectral resolution. The use of a 

2.5 mm rectangular grating mask would result in a resolving power of 1500, according to 

Equation 4.2. However, variations in width, and thus the number of illuminated grooves, 

results in a resolving power of ~ 1070, resulting in a theoretical resolution of 17.5 cm-1 

for the hexagonal mask. Although the throughput and spectral resolution of the SHRS 
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Figure 4.4: Comparison of sulfur fringe patterns captured by two different detectors. 

(a) Sulfur Raman fringe image collected with high quality imaging optics and a PI 

Pixis CCD, (b) sulfur Raman fringe image collected with the cell phone with no 

intermediate optics. 
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could be considerably improved, the performance of the system was still adequate to 

measure good quality Raman spectra of a variety of samples using a cell-phone camera.   

 Figure 4.4 shows fringe images of sulfur Raman captured by the CCD (Figure 

4.4a) and the cell phone (Figure 4.4b). The shape of the images is due to the hexagonal 

diffraction grating masks used, one of which was slightly off-axis with respect to the 

other grating mask, leading to the irregular, non-hexagonal shape. Examination of the 

fringe images captured by the Pixis CCD, Figure 4.4a, and by the cell phone, Figure 4.4b, 

shows an identical fringe pattern, though the fringes captured by the CCD indicate a 

significantly higher fringe contrast. The Pixis CCD is a 16-bit sensor, which allows a 

significantly greater number of possible values for each pixel than the 10-bit sensor of the 

cell phone, which allows the CCD to register more precise intensity values for each pixel 

of the interference pattern. The CCD, unlike the cell phone, is thermoelectrically cooled 

and has electronic specifically designed to be low noise. This allows the CCD to produce 

a more accurate, much lower noise image than the cell phone, which leads to an 

improved interference pattern fringe contrast. Each image contains a scale bar, which 

indicates the size of 100 pixels for each detector. The number of pixels in the axis 

perpendicular to the fringes limits the spectral range. For the cell phone camera at the 

magnification used, ~ 180 pixels were illuminated in the horizontal direction when 

imaging the 2.5 mm diffraction gratings, whereas for the CCD ~ 320 pixels were 

illuminated giving the CCD a larger spectral range. The cell phone sensor has such a 

large number of pixels (5312 in the horizontal direction, providing 2656 resolvable 

fringes) that if the entire width of the chip were illuminated the highest spatial fringe 

frequency that could be recovered by the cell phone sensor, limited by the Nyquist 
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Figure 4.5: Demonstration of the size of the miniature SHRS. (a) a to-scale diagram 

of the SHS with the cell phone as a detector, (b) the cell phone camera module 

removed from the cell phone with a US quarter dollar for size comparison. 
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criterion and the pixel pitch, according to Equation 4.3 would provide a theoretical 

spectral range of ~ 14,000 cm-1, far larger than is useful for Raman Spectroscopy.  

𝑓 = 4(𝜎 − 𝜎𝐿)𝑡𝑎𝑛𝜃 Eqn. 4.3

Figure 4.5a shows a to-scale diagram of the SHRS with the cell phone as a detector. The 

cell phone, though orders of magnitude smaller than a typical scientific-quality CCD is 

still significantly larger than the SHRS. Figure 4.5b shows the cell phone camera module 

with the focusing lens, removed from the cell phone next to a US quarter for scale. 

Higher quality array detectors of such a small form factor would pair perfectly with a 

miniature SHRS. 

 Sulfur Raman spectra are shown in Figure 4.6, measured with the Pixis CCD with 

a 250 ms exposure time (Figure 4.6a) and with the cell phone with a 33 ms exposure time 

(Figure 4.6b). The insets show interferograms generated by summing all rows of the 

fringe images.  Although the cell phone has a relatively large range of possible exposure 

times, the exposure time can only be chosen from a pre-defined list, and 33 ms was the 

longest exposure time available that could be used without saturating the sensor. The 

signal-to-noise ratio (SNR) of the 473 cm-1 band is 344 with the CCD and 18 with the 

cell phone, about a 20 fold difference.  SNR was estimated as the ratio of the baseline 

subtracted intensity of the indicated peak to the standard deviation of a region of the 

spectrum where no peaks are present. However if the exposure time is taken into account 

the SNR of the CCD spectrum is about 7 times higher than the cell-phone camera 

spectrum. The resolution of the 473 cm-1 band is ~ 43 and 55 cm-1for the CCD and cell-

phone camera, respectively. This is about 2-3 times worse than the theoretical 17.5 cm-1 

resolution, likely the result of imperfect focusing and non-overlapping images of the 
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Figure 4.6: Sulfur Raman spectrum measured with (a) the PI Pixis CCD at 250 ms 

exposure time, signal to noise ratio of the 473 cm-1 sulfur band is 344 and (b) the cell 

phone at 33 ms exposure, signal to noise ratio of the 473 cm-1 sulfur band is 18. Inset 

in each spectrum is the corresponding interferogram, which is obtained by summing 

all of the rows of the fringe image. 
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grating masks. Focusing is more critical with the cell phone camera because with the very 

low magnification used (~ 0.08), interference fringes are sampled by fewer fringes.  In 

fact, for a 1000 cm-1 band, the fringe spacing would be ~ 5 m on the cell phone camera 

but ~ 160 m on the CCD because of the much larger magnification used with the CCD 

optics. The biggest difference in the spectra is in the low wavenumber region where the 

85 cm-1, 154 cm-1, and 219 cm-1 bands24 sit on a sloped, low-wavenumber baseline. This 

could be due to the low number of pixels illuminated on the cell phone sensor which may 

inhibit the ability to discriminate the low spatial frequency fringes generated by these low 

wavenumber Raman bands. The significantly lower fringe contrast provided by the cell 

phone seen in Figure 4.4 may have blurred the low spatial frequency fringes together, 

lowering the low wavenumber resolution of the Fourier transform. The spatial resolution 

(line pairs/mm) and modulation transfer function (MTF) of the cell phone camera optics 

used in this work are unknown, however, it is likely that the optical quality is lower than 

the high quality imaging lens used with the CCD leading to reduced fringe contrast and 

reduced spectral resolution.  

Potassium perchlorate spectra are shown in Figure 4.7, obtained with the CCD 

(Figure 4.7a) and the cell phone (Figure 4.7b). A 2 s exposure time was used for both 

detectors. The resolution of the 941 cm-1 band is 39 and 38 cm-1 for the CCD and cell 

phone camera, respectively. The signal-to-noise ratio of the 941 cm-1 band is 109 for the 

CCD and 37 for the cell phone. This SNR difference is only a factor of 3, unlike the case 

of sulfur where the SNR difference was a factor of 7. The relative intensities of the bands 

is noticeably different between the spectra. The relative intensities of the 461 cm-1 and 

631 cm-1 band are approximately the same between the two spectra, however, the relative 
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Figure 4.7: Potassium perchlorate Raman spectrum measured with (a) the PI Pixis 

CCD at 2 s exposure time, signal to noise ratio of the 941 cm-1 perchlorate band is 109 

and (b) the cell phone at 2 s exposure, signal to noise ratio of the 941 cm-1 perchlorate 

band is 37. Inset in each spectrum is the corresponding interferogram, which is 

obtained by summing all of the rows of the fringe image. 
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intensities of the 941 cm-1 and 1085 cm-1 bands are considerably different. The spectrum 

produced by the CCD has the same relative peak intensity as has been previously 

reported for potassium perchlorate25 whereas the cell phone spectrum has lower peak 

intensities around the 1000 cm-1 region relative to the lower wavenumber bands. This is 

likely due to the wavelength-dependent transmission efficiencies of the color filters of the 

CFA. The CFA, like any filter, does not have a perfectly square transmission profile for 

each “color” so it is likely that the bands around ~ 1000 cm-1 Raman shift, which would 

be ~ 560 nm for 532 nm excitation, have a lower transmission efficiency through the 

CFA than the lower Raman shift bands. At first glance this explains why the intense 941 

cm-1 band has a significantly lower relative intensity with the cell phone, but it does not 

explain why the 1085 cm-1 has a higher relative intensity than seen in the CCD spectrum. 

However, it may be possible that while the 941 cm-1 band is at a wavelength with a lower 

transmission for the “green” pixels, the 1085 cm-1 band may be at a wavelength which is 

the overlap of the transmission profiles of the “green” and “red” pixels, thus appearing to 

have a higher relative intensity. 

Figure 4.8a is the Raman spectrum of ammonium nitrate obtained with the CCD 

and Figure 4.8b is the same sample obtained with the cell phone, both with a 2 s exposure 

time. Ammonium nitrate has a strong, low wavenumber phonon band which can be seen 

in each spectrum due to the fact that the long pass filters used for laser rejection allow 

this phonon band to pass into the SHRS. The other prominent spectral feature is the 1040 

cm-1 band. There appears to be a small band in both spectra where the 712 cm-1 band is 

expected,26 however this is a very low intensity band and is likely to be swamped by the 

noise distribution effects of the two intense bands. As Figure 4.7 showed with potassium
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Figure 4.8: Ammonium nitrate Raman spectrum measured with (a) the PI Pixis CCD 

at 2 s exposure time, signal to noise ratio of the ~ 1000 cm-1 nitrate band is 117 and 

(b) the cell phone at 2 s exposure, signal to noise ratio of the ~ 1000 cm-1 nitrate band 

is 12. Inset in each spectrum is the corresponding interferogram, which is obtained by 

summing all of the rows of the fringe image. 
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perchlorate, ammonium nitrate shows a significant decrease in relative intensity for the 

band around 1000 cm-1, likely due to a lower transmission efficiency of the CFA around 

this wavelength. The signal-to-noise ratio of the 1040 cm-1 band of the CCD spectrum is 

117 and for the cell phone spectrum is 12, a factor of about 10 different. In this respect 

the SNR difference is more like the sulfur spectra than the perchlorate spectra.  

The spectrum of sodium sulfate obtained with the CCD with a 2 s exposure time 

is shown in Figure 4.9a and with the cell phone with a 2 s exposure is shown in Figure 

4.9b. The signal-to- noise ratio of the 992 cm-1 band for the CCD spectrum is 36 and for 

the cell phone spectrum is 16, only a factor of ~2 difference. As with Figures 4 and 5, a 

similar decrease in relative peak intensity around 1000 cm-1 can be seen with sodium 

sulfate. However, unlike other samples, with sodium sulfate it appears as though there are 

two bands in the 400-600 cm-1 range, which are prominent in the cell phone spectrum but 

are more or less buried in the noise of the CCD spectrum. For solid sodium sulfate we 

would expect to see bands at 449, 466, 620, 632, and 647 cm-1 in this region of the 

spectrum,27 however the resolution of this miniature SHRS is so low that the 449 and 466 

cm-1 are indistinguishable as are the 620, 632, and 647 cm-1 bands. In the SHRS, the 

noise of every spectral feature is distributed throughout the spectrum, known as the 

multiplex disadvantage,8 which means that it is possible for the noise of a very intense 

spectral feature to overwhelm lower intensity spectral features. It is likely that, due to the 

wavelength specific transmission profiles of the cell phone CFA partially filtering the 

intense sulfate 992 cm-1 band, it contributes less noise to the weaker bands.   

 The large SNR difference for ammonium nitrate as opposed to the much smaller 

difference for perchlorate and sulfate can be explained by the spectral response of the 
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Figure 4.9: Sodium sulfate Raman spectrum measured with (a) the PI Pixis CCD at 2 

s exposure time, signal to noise ratio of the ~ 1000 cm-1 sulfate band is 36 and (b) the 

cell phone at 2 s exposure, signal to noise ratio of the ~ 1000 cm-1 sulfate band is 16. 

Inset in each spectrum is the corresponding interferogram, which is obtained by 

summing all of the rows of the fringe image. 
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CFA on the cell phone camera. The total spectral response of the CFA changes rapidly in 

the 1000 cm-1 region as the green filter transmission rapidly decreases and the red filter 

increases.28 The net effect is a dip in spectral response right around 1000 cm-1, 

complicated by the fact that there are twice as many green filters as red.  For perchlorate 

and sulfate, where the SNR was similar, the bands used were both below 1000 cm-1, 

whereas for ammonium nitrate the band used to calculate SNR was above 1000 cm-1 in a 

region where the green filter transmission drops rapidly.  The reason for the large 

difference in SNR for the sulfur spectra is not clear.  

 The fringe patterns captured by the cell phone camera in Figure 4.10 provides 

strong support for the explanation that the decreased spectral intensity ~ 1000 cm-1 

Raman shift is due to the transmission profile of the CFA. Figure 4.10a shows the cell 

phone fringe pattern for sulfur. The green color of the fringe pattern is due to the 532 nm 

excitation laser, which is green, and the low wavenumber shifts of the sulfur Raman 

bands observed. The fringe pattern generated by perchlorate is shown in Figure 4.10b. 

The spectrum of perchlorate obtained with the CCD (Figure 4.7a) shows that the 941 cm-

1 band is far stronger than all other Raman bands observed and the lower Raman shifted 

bands, although much weaker, appear at Raman shifts higher than the longest Raman 

shifted band of sulfur. The color image of the perchlorate fringe pattern shown in Figure 

4.10b appears not as the bright green of the sulfur, but rather as a reddish-yellow, 

indicating that a large portion of the Raman bands are passing through the “red” portions 

of the CFA. The cell phone fringe image of sulfate is shown in Figure 4.10c. The 

spectrum of sulfate obtained with the CCD (Figure 4.9a) indicates the presence of a large 

Raman band ~ 1000 cm-1 and relatively high Raman shifted bands for even the lowest 
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wavenumber bands within the spectrum, much like perchlorate. The cell phone fringe 

image of sulfate in Figure 4.10c appears as a reddish-yellow, much like perchlorate, 

indicating a large portion of the Raman bands passing through the CFA. The problems 

associated with the transmission profiles of the CFA can, of course, be avoided by use of 

a monochromatic detector, such as the CCDs commonly used with spectrometers. 

However, if the use of stock cell phone components is desired, there are methods that can 

be employed to combat the effects of the CFA. The CFA can be removed from the 

surface of the sensor, however complete removal of the CFA can be difficult and the 

procedures involved have a high probability of permanently damaging the sensor. 

Alternatively, it may be possible to perform radiometric measurements to determine the 

spectral transmission profiles of a particular CFA and apply a corresponding weighted 

mask in post-processing during the demosaicing process to compensate for the relative 

peak intensity problem. However, this latter method does nothing to help the actual 

transmission of photons to the sensor surface which may prove to be problematic for low 

intensity bands that happen to fall in a low-transmission portion of the CFA transmission 

spectrum. Lastly, it is possible to change the excitation wavelength which would shift the 

Raman bands into a different region of the CFA transmission spectrum, allowing for 

measurement of low-intensity bands through a high-transmission portion of the CFA.  

4.4 CONCLUSIONS 

 This chapter has demonstrated a standard cell phone camera as a detector for a 

millimeter-sized spatial heterodyne Raman spectrometer.  A scientific-grade CCD with 

high-quality imaging optics was also used as a detector for the same SHRS as a 

comparison of a more traditional Raman spectrometer. Despite the significantly higher 



www.manaraa.com

 

72 

 

 
 

Figure 4.10: The color fringe patterns captured by the cell phone camera: (a) sulfur, 

(b) potassium perchlorate, and (c) sodium sulfate. 
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noise and lower sensitivity of the cell phone camera sensor, the high light throughput and 

multiplex advantage inherent to the SHRS design allowed Raman spectra to be measured, 

in some cases with SNR only 2-3 times worse than using a scientific grade CCD. The 

spectral resolution of the miniature SHRS was 2-3 times worse than predicted. This is 

likely due to a poor choice of imaging optics and low magnification (0.08 in the case of 

the cell phone camera), imperfect focusing, and low optical quality of the imaging lenses. 

These issues are easily addressed by more careful design choice of imaging optics. 

Combining this system with a diode laser excitation source could be a path toward 

miniature high throughput Raman spectrometers.
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CHAPTER 5 

 

ORDER-OVERLAP AND OUT-OF-BAND BACKGROUND 

REDUCTION IN THE SPATIAL HETERODYNE RAMAN 

SPECTROMETER WITH SPATIAL FILTERING 
 

5.1 INTRODUCTION 

The spatial heterodyne spectrometer (SHS) in a diffraction grating based 

interferometer originally developed for emission measurements of celestial bodies and 

flame-based emission measurements.1-5 Recent development of the SHS resulted in 

adaptation for a variety of techniques including Raman spectroscopy, in the form of the 

spatial heterodyne Raman spectrometer (SHRS),6-12 and laser-induced breakdown 

spectroscopy (LIBS).13,14 The general SHS design is capable of having a large entrance 

aperture, and high spectral resolution as resolution is not strongly tied to entrance 

aperture size, as well as a large field of view, approximately 1°. The combination of the 

large entrance aperture and large field of view allows for high light throughput, up to 200 

times that of a typical dispersive spectrometer.1 The field of view of the SHS can be 

further expanded up to ~10° through the addition of field widening prisms.15-17  

Recent advancements of the SHS in Raman spectroscopy, which has very low signal 

intensity and high backgrounds due to a variety of sources (e.g., fluorescence, ambient 

light), has brought to light problems with the SHS design that have a greater impact on 

Raman measurements than emission measurements due to the low signal intensities and
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 high backgrounds common in Raman spectroscopy.  

The operation of the general SHS design has been elucidated in great detail 

elsewhere, however a brief explanation is necessary.1-17 The SHRS, shown in Figure 5.1, 

consists of a beam splitter which splits incoming light into two arms with diffraction 

gratings in each arm. Light is diffracted by the gratings, inducing a wavelength-specific 

wavefront tilt, resulting in crossed wavefronts when the light recombines back through 

the beam splitter. The crossing of wavefronts from each arm of the interferometer results 

in a spatial phase shift along the dispersion plane of the diffraction gratings, allowing 

interference to occur, which generates an Fizeau fringe pattern. A high-quality imaging 

lens is used to image the plane of the face of the diffraction gratings onto an array 

detector. The Fourier transform of this fringe pattern recovers the spectrum. One 

wavelength of light will satisfy the Littrow condition based on the rotation angle of the 

diffraction grating, thus called the Littrow wavelength, and retro-reflect along the 

incident path, resulting in no wavefront tilt for that specific wavelength, and no 

interference pattern. The fringe patterns of all wavelengths other than the Littrow 

wavelength will be heterodyned about the Littrow wavelength, which allows the 

spectrum of the spectral window of the SHRS to be recovered with a relatively small 

number of detector elements in the array detector. None of the optical components must 

be moved or scanned during spectrum acquisition, however, the spectral window of the 

SHRS can be moved to a different spectral region by changing the rotation angle of the 

diffraction gratings.  

Diffraction orders adjacent to the primary diffraction order being used to generate 

the interference pattern can overlap the primary diffraction order which increases
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Figure 5.1: Schematic diagram of the SHRS. S is the sample of interest. L1 is the 

collection lens which collimates sample light into the SHRS. F is a set of laser-

rejection filters. BS is the cube beamsplitter. G1 and G2 are the diffraction gratings 

which are tilted to angle θL. W is the crossing wavefronts from each arm of the 

interferometer. L2 is a high-quality imaging lens. SF is a spatial filter. D is an array 

detector. 
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 background light within the interferogram and can result in the generation of additional 

interference patterns. This problem can degrade the interferogram, which negatively 

impacts spectral results. The problem of order-overlap becomes increasingly worse as 

lower groove-density diffraction gratings are employed, as the angular separation 

between diffraction orders becomes smaller, or as the diffractions gratings are moved 

closer to the beamsplitter in an attempt to miniaturize the system, which is of particular 

interest to our research group. The angular separation of adjacent diffraction orders can 

be determined using the generalized diffraction grating equation simplified for the SHS 

design: 

𝑚𝑑 = 2𝜎0 sin 𝜃𝐿 Eqn. 5.1 

Where 𝑚 is the diffraction order, 𝑑 is the diffraction grating groove density, 𝜎0 is the 

wavenumber corresponding to the Littrow wavelength, and 𝜃𝐿 is the tilt of the diffraction 

gratings which satisfies the Littrow condition for 𝜎0. For example, if we set the Littrow 

wavelength to 532 nm and the diffraction grating density to 150 grooves/mm with the 

first diffraction order used to generate the interferogram, the angle formed between the 

first and second diffraction orders is only ~ 2.3°. This small angle is further complicated 

by the fact that we must consider the incoming light as a collimated beam and not a 

single ray traveling on the optical axis. The consequence is that light diffracted into the 

first order at one side of the input beam (e.g., the far left side of the grating) can overlap 

with light diffracted into the second order at the opposite side of the input beam (e.g., the 

far right side of the grating). The minimum separation distance between the diffraction 

grating and the imaging optic to avoid transmission of the second diffraction to the 

detector can be expressed with the equation: 
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𝐷 =  
𝑊

tan [sin−1 (
𝑑
𝜎0

)  − sin−1 (
𝑑

2𝜎0
)]

Eqn. 5.2
 

Where 𝐷 is the grating-imaging-optic separation distance and 𝑊 is the width of the 

imaging optic. Using the above de fined Littrow wavelength and diffraction grating 

groove density with 25.4 mm diameter for all optical components results in a diffraction 

grating to imaging optic separation of 635 mm. If we assume 1:1 imaging onto the 

detector this results in a footprint of the SHRS, not including the size of the detector of 

635x1270 mm, quite large for a Raman spectrometer.   

The large acceptance angle and large entrance aperture of the SHS results in a 

geometric bandpass, the range of wavelengths that can pass through the system and reach 

the detector, that can be much larger than the spectral bandpass, the range of wavelengths 

that can be resolved by the system in a particular configuration. The spectral range 

needed to recover most Raman bands of interest is ~ 3000 cm-1 which results in a spectral 

bandpass of ~ 100 nm with 532 nm excitation or ~ 20 nm with 244 nm excitation. The 

geometric bandpass of the SHRS can be several hundred nanometers, often limited by the 

transmission limitations of the optical materials used. This is a distinct contrast to the slit-

based dispersive spectrometers more commonly used for Raman spectroscopy in which 

the geometric bandpass is equivalent to the spectral bandpass. Furthermore, because light 

is collimated before entering the SHRS, light of all wavelengths is distributed evenly onto 

the diffraction gratings and background light is distributed throughout the interferogram. 

Thus, even if background light is spectrally separated from the spectral bands of interest, 

the intensity and noise of the background light is distributed throughout the interferogram 

which negatively impacts the recovered spectrum. With a dispersive spectrometer, if the 
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background light is spectrally separated from the spectral bands of interest, the 

background light will not negatively affect the recovery of the bands of interest. 

Typically, SHRS experiments have employed optical filters (e.g., long-pass, short-pass, 

and band-pass filters) to eliminate light outside of the spectral region of interest,6-12 and 

pulsed lasers have been used with gated detection to reduce background light in ambient-

light conditions.8 However, as this paper will demonstrate, both the problem of order-

overlap and the problem of out-of-band light can be overcome by placing a small spatial 

filter at the focal point of the imaging lens between the imaging lens and the detector, 

which eliminates diffraction order-overlap and significantly limits the geometric 

bandpass of the SHRS. 

5.2 EXPERIMENTAL 

The SHRS was constructed using a 25.4 mm 50:50 non-polarizing cube 

beamsplitter (CM1-BS013, Thorlabs) and two 25.4 mm 150 groove/mm diffraction 

gratings blazed for 500 nm (10RG150-500-1, Newport) which were placed ~ 22 mm 

from the nearest face of the beamsplitter. The output of the SHRS was imaged onto a 

Princeton Instruments PI-MAX 256x1024 ICCD using a Nikon 80-200 mm f/4.5-5.6 

lens. Spatial filtering was achieved by placing a mechanical razor-edge slit (variable from 

0 mm to 8 mm) between the imaging lens and the camera at the focal point of the lens. 

Raman excitation was achieved with a 0.2-2 W 532 nm CW laser (Millennia Pro, 

Spectra-Physics). Raman scattered sample light was collected and collimated into the 

SHRS with a 25.4 mm diameter f/2 plano-convex lens (LA1131, Thorlabs). Out-of-band 

light was introduced to the system for some experiments by passing a collimated beam of 

white light through a 650 nm long-pass filter (FEL0650, Thorlabs). The fast Fourier 
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transform was applied to the interferogram in Matlab to recover the spectrum. Powdered 

samples of > 99% purity sulfur and potassium perchlorate were pressed into compact 

pellets with a 10 ton pellet press. The experimental setup was modeled in the ray-tracing 

program Zemax with the only significant difference being that the imaging lens was 

approximated as a single plano-convex lens of the same diameter as the front optic in the 

Nikon imaging lens used and the same focal length as the Nikon imaging lens, to simplify 

the model.  

5.3 RESULTS & DISCUSSION 

The optical setup of the SHRS described above was replicated in the ray-tracing 

program Zemax with the only significant difference being that the imaging lens simulated 

as a simple plano-convex lens of the same focal length and front diameter diameter to 

reduce complexity. Figure 5.2a shows a diagram of the optical setup generated in Zemax 

with only the 1st diffraction order, the order used to generate the fringe pattern, traced and 

all other diffraction orders not traced. The large collimated beam of light incoming to the 

SHRS has been reduced to two small beams placed towards the extremes of the entrance 

aperture so that the reader can more easily see how the rays are split into the various 

diffraction orders and pass through the imaging lens. It can be seen that the light 

diffracted into the 1st diffraction order passes through the focal point of the imaging lens, 

where the spatial filter is placed. Figure 5.2b shows the same Zemax model but with only 

the 0th and 2nd diffraction orders traced and all other diffraction orders not traced. These 

two diffraction orders are adjacent to the 1st diffraction order and thus are the culprits for 

order overlap. It can be seen that, unlike the 1st diffraction order, the 0th and 2nd 

diffraction orders are diverted from the optical axis and do not pass through the focal
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Figure 5.2: Zemax modeling of the spatial filter. (a) A model of the SHRS described 

in the experimental section generated in Zemax with only the 1st diffraction order of 

each grating shown. R1 and R2 are the input rays, placed towards the edge of the 

entrance aperture. G1 and G2 are the diffraction gratings. BS is the cube beamsplitter. 

L is the imaging lens, modeled as a single plano-convex lens for to reduce complexity. 

D is the array detector. (b) The same Zemax model shown in (a) but with only the 0th 

and 2nd diffraction order of each grating shown. 1 results from order 0 of G1 and order 

2 of G2. 2 results from order 0 of G1 and order 2 of G2. 3 results from order 2 of G1 

and order 0 of G2. 4 results from order 2 of G1 and order 0 of G2.  
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 point of the imaging lens. These adjacent diffraction orders are instead spatially 

separated at the spatial filter such that a relatively large spatial filter aperture diameter 

will allow the 1st diffraction order will pass through and continue to the detector but the 

0th and 2nd diffraction orders will not be able to pass the aperture. To demonstrate the 

problem of order-overlap experimentally, a collimated beam of 532 nm laser light was 

introduced into the entrance aperture of the real SHRS, the laser blocking filters were 

removed, a paper target was placed at the imaging plane of the imaging lens, and a 

camera was used to capture the image of the fringe pattern formed on the paper target, 

shown in Figure 5.3a. The image shows a bright, central, vertical fringe pattern, due to 

the 1st diffraction order, and dimmer, rotated fringe patterns to either side of the central 

fringe patter, due to the adjacent diffraction orders. Each adjacent fringe pattern is formed 

by the interference generated between the 0th diffraction order of one grating and the 2nd 

diffraction order of the other grating. The image also shows a faint, halo-like ring at the 

edges of the image, likely caused by light scattering randomly off the apertures of the 

cage containing the beamsplitter which have threads so that lens tubes can be attached to 

the beam splitter cage.  The regions of overlap between the 1st order fringe pattern and the 

adjacent orders fringe patterns have a higher baseline than the un-overlapped region. The 

order-overlapped region can also generate additional, unwanted fringe patterns as the 

adjacent diffraction orders contain the same wavelengths of light as the 1st diffraction 

order but significantly different wavefront tilts, which results in different spatial phase-

shifts. Figure 5.3b shows the same setup as described for Figure 5.3a but with a 3.5 mm 

diameter circular spatial filter aperture placed at the focal point of the imaging lens. As 

the image shows, the spatial filter completely removes the fringe patterns generated by 
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Figure 5.3: Demonstration of the effect of spatial filtering on the fringe pattern. (a) A 

picture of 532 nm laser fringes formed at the image plane of the high-quality imaging 

lens of the SHRS. Interference patterns generated by diffraction orders 0 and 2 can be 

seen to either side of the central fringe image. (b) A picture of the same conditions as 

(a) but with a 3.5 mm spatial filter placed at the focal point of the high-quality 

imaging lens. 
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the adjacent diffraction orders and the ring around the image.  

The geometric bandpass of the SHRS, as described briefly above, can be several 

times larger than the spectrally resolvable bandpass. This means that there is a very large 

region of the light spectrum which can pass through the system and reach the detector but 

only a relatively small region of the light spectrum can contribute to the interference 

pattern in a manner which the detector can successfully resolve. Although it is possible 

for all wavelengths of light passing through the SHRS to form interference patterns, the 

Nyquist criterion dictates that at minimum 2 pixels of the detector are required to resolve 

a single fringe, which sets the limit for the range of wavelengths that can generate fringe 

patterns that can be resolved by the detector. The spatial fringe frequency formed by the 

SHRS is: 

𝑓(𝑥) = 4(𝜎 − 𝜎0) tan 𝜃𝐿 Eqn. 5.3 

Where 𝑓(𝑥) is the spatial fringe frequency, 𝜎 is the wavenumber of the wavelength 

forming the fringe pattern, 𝜎0 is the wavenumber of the Littrow wavelength, and 𝜃𝐿 is the 

diffraction grating tilt for that Littrow wavelength.  

If we combine Equations 5.1 and 5.3 with the pixel pitch of the PI-MAX ICCD 

used, 26 µm, a 532 nm Littrow wavelength, and the 150 gr/mm diffraction gratings we 

can determine that the maximum wavenumber shift from Littrow that can be resolved by 

this particular SHRS configuration is ~ 1200 cm-1. Any wavelengths entering the system 

beyond this spectral region will not form interference patterns that can be resolved by the 

system. However, because diffraction at the gratings induces a wavelength-specific 

angular component to light leaving the gratings, wavelengths further from the Littrow 

wavelength will leave the gratings at a greater angle and enter the imaging lens at a 
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greater angle to the optical axis which results in a wavelength-dependent spatial 

separation at the focal point of the imaging lens. Thus a spatial filter aperture at the focal 

point of the imaging lens can allow wavelengths close to the Littrow wavelength to pass 

while blocking wavelengths further from Littrow. To demonstrate this, the Zemax model 

of the SHRS was used with two input light sources, one source corresponding to a 

monochromatic 219 cm-1 shift from the 532 nm Littrow to simulate a single band within 

the spectrally resolvable region and one source corresponding to a pseudo-broadband 

composed of 10 wavelengths in the 650-800 nm region (~ 3400-6300 cm-1 shift from 

Littrow) to simulate background light that is unresolvable by the system. Each source was 

composed of 100 million rays. Non-sequential ray-tracing was used to generate 

interferograms which were captured by the 250x1000 pixel detector sized to match the 26 

µm pixel pitch of the PI-MAX ICCD used for experimental results. The spatial filter at 

the focal point of the imaging lens was varied from 0 mm to 8 mm width in 0.5 mm 

increments per ray-trace and each spatial filter width was ray-traced in triplicate. The 

resulting fringe patterns were Fourier transformed in Matlab to recover the spectrum and 

the signal-to-noise ratio (SNR) was calculated as the baseline-subtracted peak intensity 

divided by the standard deviation of a region of the spectrum in which no peaks were 

present. The results of this Zemax simulation are shown in Figure 5.4. As the plot shows, 

with small spatial filter apertures the SNR is very high but as the spatial filter aperture is 

widened further the SNR drops significantly. This trend corresponds to degradation of the 

interferogram by the pseudo-broadband light that is unresolvable by the SHRS which is 

prevented from reaching the detector at smaller spatial filter aperture widths.  

 The Zemax simulation described above was replicated experimentally with a
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Figure 5.4: The result of a series of Zemax simulations of the SHRS described in the 

experimental section with a monochromatic light source corresponding to a 219 cm-1 

shift from the Littrow wavelength and a pseudo-broadband light source composed of 

10 wavelengths in the 650-800 nm region which are outside of the spectrally 

resolvable bandpass of this particular SHRS configuration. Ray traces were performed 

with 100 million rays each to the monochromatic source and the pseudo-broadband 

source at a particular spatial filter aperture width. The fringe image formed on the 

250x1000 pixel array detector was Fourier transformed and the signal-to-noise ratio 

was calculated. 
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 mechanically-variable slit, taken from a monochromator, placed at the focal point of the 

imaging lens to precisely control the width of the spatial filter aperture. A compact pellet 

of sulfur was illuminated with 200 mW of 532nm laser and the scattered light was 

collimated into the SHRS by the f/2 collection lens to provide spectrally resolvable fringe 

patterns. Light from a tungsten lamp was collimated to a 1” diameter beam, passed 

through a 650 nm long-pass filter, and shined onto the sulfur pellet so that the collection 

lens could transmit the light into the SHRS to provide broadband light outside of the 

spectrally resolvable region of this SHRS configuration. Images collected with the laser 

on and white light source off were compared to images collected with the laser off and 

white light source on to determine that the broadband light passing through the SHRS and 

reaching the detector was > 3x more intense than the Raman light impingent upon the 

detector. The spatial filter width was varied from 0 mm to 8 mm width in 0.5 mm 

increments with 1 second exposures captured at each spatial filter width. The series of 

spatial filter widths was collected in triplicate with the order of spatial filter widths within 

each series randomized. The SNR of each sulfur Raman spectrum was calculated, as 

described above, using the 219 cm-1 sulfur band with the results shown in Figure 5.5. As 

seen in Figure 5.4, a small spatial filter aperture provides a high SNR in Figure 5.5 but as 

the spatial filter aperture width is further widened the SNR decreases significantly. A 

notable difference between Figure 5.4 and Figure 5.5 is the shape of the SNR as a 

function of spatial filter aperture width. In Figure 5.4 we see an almost square profile 

whereas in Figure 5.5 we see curved profile. This difference in curves between the two 

plots is due to the fact that the imaging lens in the Zemax model achieves a diffraction-

limited spot-size on the order of 10’s of µm and so the smallest, non-zero spatial filter
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Figure 5.5: The signal-to-noise ratio for sulfur Raman measurements made with 

different spatial filter aperture widths with white light passed through a 650 nm long-

pass filter to introduce light that is outside of the spectrally resolvable bandpass of this 

particular SHRS configuration. The > 650 nm light was > 3x higher intensity at the 

detector than the Raman light. 
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 aperture width used passes all of the 219 cm-1 band light. Conversely, light at the focal 

point of the real imaging lens does not achieve a diffraction-limited spot-size and the 

smallest, non-zero spatial filter aperture width used is slightly smaller than the focused 

light so full transmission of the Raman scattered light does not occur until a larger spatial 

filter aperture. Similarly, the broadband light in the real experiment does not achieve a 

diffraction-limited spot-size at the spatial filter and thus is able to begin passing the 

spatial filter at a lower spatial filter aperture width, thus decreasing SNR at a lower width 

than the Zemax model. Figure 5.6a shows the Raman spectrum of sulfur, recovered at the 

widest spatial filter aperture width and Figure 5.6b shows the Raman spectrum of sulfur 

recovered at the spatial filter aperture width corresponding to the highest SNR as 

indicated by Figure 5.5, 1.5 mm. The spectra in Figure 5.6a and Figure 5.6b show the 

same group of sulfur Raman bands we would expect to obtain, and the band intensity is 

relatively the same between the two spectra but the noise at the widest spatial filter 

aperture is significantly higher, resulting in a decrease in SNR by ~ 3x.18 This increase in 

noise is due to the increased background in the interferogram caused by more light that 

cannot be resolved by the SHRS being present in the interferogram. 

 The sulfur Raman experiment described above was repeated with a potassium 

perchlorate pellet with 500 mW 532 nm excitation, and all other experimental parameters 

the same. While the sulfur pellet was fairly opaque to the laser light, the potassium 

perchlorate pellet was much more transmissive to the laser, evidenced by the fact that the 

entire pellet appeared to light up upon illumination by the laser and observation of the 

side of the pellet orthogonal to the laser path revealed that scattered light could be 

observed several millimeters into the pellet. The difference in penetration depth of the
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Figure 5.6: Comparison of spectral results with spatial filtering. (a) A sulfur Raman 

spectrum collected with the widest spatial filter aperture. (b) A sulfur Raman spectrum 

collected with a 1.5 mm wide spatial filter aperture, which provided the highest SNR. 
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 laser between the two pellets affects the ability of the collection lens to collimate the 

scattered into the SHRS, resulting in both collimated and slightly-uncollimated sample 

light entering the system. The effect of this can be seen in Figure 5.7 in which the 

maximum SNR for perchlorate Raman, calculated with the ~ 900 cm-1 band, occurs at a 

slightly wider spatial filter aperture width, 2.5 mm. The maximum SNR of perchlorate 

occurs at a spatial filter aperture width 2/3 larger than the spatial filter aperture width for 

maximum SNR of sulfur. The higher penetration depth in perchlorate results in some of 

the incoming light being slightly uncollimated which results in a larger focused point at 

the focal point of the imaging lens. Figure 5.8a shows the potassium perchlorate spectrum 

recovered at the widest spatial filter aperture width and Figure 5.8b shows the perchlorate 

spectrum recovered at the spatial filter aperture width corresponding to the highest SNR 

as indicated by Figure 5.7. Both spectra show the same Raman bands that we would 

expect to see and the peak intensity is essentially the same, however the noise of Figure 

5.8a is significantly higher due to the out-of-band light present in the interferogram, 

resulting in a decrease of SNR by ~ 3x.19  

5.4 CONCLUSIONS 

  Diffraction orders adjacent to the primary diffraction order of interest in the 

SHRS are capable of being transmitted through the imaging lens and onto to the detector, 

generating unwanted interference patterns which are capable of degrading the primary 

interference pattern. A strategically placed aperture between the imaging lens and 

detector at the focal point of the imaging lens has been shown to be capable of blocking 

unwanted light from adjacent diffraction. Out-of-band light which is unresolvable by the 

SHRS is capable of decreasing fringe contrast in the interference patterns generated by 
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spectrally resolvable light, which in turn reduces the signal-to-noise of the recovered 

spectrum. The implementation of a spatial filter between the imaging lens and detector of 

the SHRS has been shown capable of reducing the intensity of light which is outside the 

spectrally resolvable region at the detector, thus improving the signal-to-noise ratio of the 

recovered spectrum. 
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Figure 5.7: The signal-to-noise ratio for potassium perchlorate Raman measurements 

made with different spatial filter aperture widths with white light passed through a 650 

nm long-pass filter to introduce light that is outside of the spectrally resolvable 

bandpass of this particular SHRS configuration. The > 650 nm light was > 3x higher 

intensity at the detector than the Raman light. 
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Figure 5.8: Comparison of spectral results with spatial filtering. (a) A potassium 

perchlorate Raman spectrum collected with the widest spatial filter aperture. (b) A 

potassium perchlorate Raman spectrum collected with a 2.5 mm wide spatial filter 

aperture, which provided the highest SNR. 
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CHAPTER 6 

 

STANDOFF LIBS USING A MINIATURE WIDE FIELD OF VIEW 

SPATIAL HETERODYNE SPECTROMETER WITH SUB-

MICROSTERADIAN COLLECTION OPTICS 

 
6.1 INTRODUCTION 

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

Cross in 19621 and is a relatively simple spectroscopic technique that allows rapid multi-

elemental analysis of solids, liquids and gases with little or no sample preparation.  LIBS 

is well suited for in situ, non-contact and remote elemental analysis because, in principle, 

only optical access to the sample is required for analysis.2-20 This has lead to the 

development of remote (or standoff) 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 detection,20,21,22 underwater exploration and mining, 

and planetary exploration.23,24 as well as assessment of damage to historical monuments,25 

Remote LIBS has been shown to be useful at distances up to many tens of meters and has 

also been combined with remote Raman.26,27   

Measuring samples remotely using LIBS introduces two problems, both related to 

signal level.  The collection solid angle for remote measurements is inherently low, thus 

reducing the LIBS signal level.  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 typically very low because of the need for small slits and large 
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f/# systems to achieve the spectral resolution needed for LIBS.  Another problem unique 

to remote LIBS is movement of the laser on the sample.  The field of view of a typical 

telescope coupled LIBS system is small, limited by the slit width of the spectrometer.  

For samples at 10’s of meters distance it can be difficult maintaining the laser focus 

within the field of view of the spectrometer.  The latter is particularly a problem for 

remote LIBS where the laser spot on the sample must be as small as possible for efficient 

plasma formation, and laser pointing stability issues can make spectrometer alignment 

issues more severe.   

 The spatial heterodyne spectrometer (SHS) is an interferometer that has some 

characteristics that are well suited for remote LIBS.  Like other interferometers, the SHS 

has a very high light throughput and a wide field of view but also has very high spectral 

resolution. In addition, the SHS design has no moving parts making it compatible with a 

gated detector, necessary for remote LIBS.  The SHS, first described by Harlandar,28,29 is 

similar to a Michelson interferometer but the interference pattern is formed on an 

imaging detector using stationary, tilted diffraction gratings, thus there are no moving 

parts. The grating tilt angle determines the Littrow wavelength, which is the wavelength 

about which all others are heterodyned. Heterodyning allows high spectral resolution to 

be achieved with a relatively small number of samples, fixed by the number of horizontal 

pixels on the imaging detector. The large entrance aperture and wide acceptance angle of 

the SHS provides high light throughput, at least two orders of magnitude higher than a 

conventional dispersive spectrometer. In the case of standoff LIBS, this also makes the 

SHS 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 
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amount of light collected by the spectrometer slit, unlike the case of a dispersive 

spectrometer where the output of the telescope has to be held in focus on a narrow input 

slit.  In addition, all wavelengths are measured simultaneously in the SHS, making it 

compatible with pulsed lasers and gated detection, necessary in LIBS. The first 

description of a laser based gated SHS spectrometer was for visible Raman 

spectroscopy30, and later for UV Raman31,32 and remote Raman32,33. The SHS was also 

recently described for LIBS34 but it has not been described for remote LIBS. 

6.2 EXPERIMENTAL 

The LIBS plasma was generated using a Continuum Surelite III 10Hz 

(Continuum, San Jose, CA, USA) pulsed laser doubled to 532 nm at ~ 50 mJ/pulse for 

benchtop measurements and ~ 130 mJ/pulse for standoff measurements. The laser was 

focused onto the sample using a high power, 5x beam expander. Fine tuning of the focus 

was done by monitoring the shock wave intensity of the LIBS spark using an amplified 

electret microphone element (Radio Shack, Model 270-092) and Tektronix TDS 1002 

oscilloscope (Tektronix, Beaverton, OR, USA) . The SHS was constructed according to 

Figure 6.1 using 25x25 mm 300 groove/mm 500 nm blazed diffraction gratings masked 

with black anodized aluminum foil to expose only 10x10 mm to reduce the effective area 

of the gratings. As mentioned above, the lack of dependence of resolution on entrance 

width allowed the SHS to be constructed with a ~ 15 mm diameter circular entrance 

aperture to prevent the 10 mm wide exposed section of the diffraction gratings from 

being obscured. A Nikon AF-S Nikkor 70-200 mm f/2.8G ED VR II lens (Nikon, Tokyo, 

Japan) was used to image the plane of the diffraction gratings onto a Princeton 

Instruments PI-MAX 25 mm wide, 1024x256 ICCD (Princeton Instruments, Trenton, NJ, 
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USA).  The gain of the ICCD was set to 100 for benchtop measurements and 250 for all 

standoff measurements. The imaging lens was set up to provid a ~ 2.2 times 

magnification so that the image of the 10 mm diffraction grating on the detector was ~ 22 

mm, almost filling the detector in the horizontal direction and greatly overfilling it in the 

vertical direction. The SHS was built on a non-floating optical table with only a piece of 

common, soft foam between the SHS optical breadboard and the table for vibration 

isolation. Samples included copper plates obtained from an industrial supply company 

and are of unknown purity, magnesium rods (99.9+%, item number: 299405, Sigma-

Aldrich, St. Louis, MO, USA), calcium metal (99%, item number: 327387, Sigma-

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

Sigma-Aldrich, St. Louis, MO, USA). ICCD gating parameters were optimized to 

produce the greatest interferogram depth of modulation for each sample. ICCD gate delay 

and width were 1.25 and 10.25 μs, respectively, for copper and magnesium, 2.3 and 2 μs 

for calcium, and 0.6 and 8 μs for manganese. 

6.3 RESULTS & DISCUSSION 

The SHLS, depicted in Figure 6.1, is similar in construction to a Michelson 

interferometer with the mirrors replaced by stationary reflective diffraction gratings. The 

diffraction gratings are tilted such that one particular wavelength, the Littrow 

wavelength, is retro-reflected along the incident light path and recombines at the 

beamsplitter.  Heterodyning in the interferometer occurs at the Littrow wavelength, λL, 

corresponding to the wavelength of light that is exactly retro-reflected back along the 

same path, and hence recombines at the beamsplitter without interference. For any 

wavelength (λ) other than Littrow, the diffracted light leaves the gratings at an angle to 
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Figure 6.1: Block diagram of the SHLS. G1 and G2 are diffraction gratings placed 

equidistant from the beam splitter (BS) and tilted such that one wavelength, the 

Littrow wavelength, is retroreflected back along the optical axis. The faces of the 

diffraction gratings are imaged onto an array detector by a high quality imaging lens 

(not shown). 
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the optical axis, resulting in crossed wavefronts, inducing a spatial phase shift, and 

generating an interference pattern, which produces a series of wavelength dependent 

fringes on the array detector.  The fringe frequency on the detector is given by Equation 

1, where f is in fringes/cm and σ is the wavelength expressed in wavenumbers.9, 35 A 

Fourier transform of the interferogram recovers the spectrum. According to Equation 6.1, 

emission lines above or below the Littrow wavelength may show identical fringe patterns 

and can lead to degenerate lines (i.e., line overlap). 

𝑓 = 4(𝜎 − 𝜎0) tan 𝜃𝐿 Eqn. 6.1 

The SHS, like other Fourier transform interferometers, 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 SHS 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 standoff configuration.    

 The resolving power is equal to the number of grooves illuminated so in this case 

R = 6,000, giving a theoretical resolution of ~ 0.1 nm at 500 nm. For these studies about 

900 ICCD pixels were illuminated horizontally, thus about 450 wavelength elements can 

be measured. Thus the theoretical ICCD-limited spectral range would be ~ 45 nm, on 

either side of the Littrow wavelength. This range is doubled if wavelengths above and 

below Littrow are considered.  The maximum, resolution-limited solid angle field of view 

(FOV) of the SHRS is related to the resolving power by Equation 6.2.20 Thus the solid 

angle FOV for this spectrometer is 1.0x10-3 sr, and the full acceptance angle is ~ 1.8°. 

𝛺 =
2𝜋

𝑅
Eqn. 6.2 
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Figure 6.2: The emission spectrum of a low-pressure Hg discharge lamp measured 

with the SHLS, with the Littrow wavelength set to 532 nm. 
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Figure 6.2 shows the emission spectrum of a low-pressure mercury lamp 

measured with the SHLS with the Littrow wavelength set to ~ 532 nm, using a 1-mm 

diameter optical fiber whose end was placed 1.5 m from the entrance aperture of the 

SHLS, without any collimating optics.  The measured full width half maximum (FWHM) 

line width of the 546.0 nm mercury emission line was 0.3 nm, about 3 times worse than 

the theoretical value for the SHLS.  This indicates the SHLS alignment could probably 

have been improved.  This is consistent with the fringe image cross section (inset in 

Figure 6.2) which shows a fringe visibility (FV, Equation 6.3) of about 0.2.  The 

theoretical FV for a monochromatic source is 1.0.  The asymmetry in the fringe cross 

section is also consistent with the interferometer arms not being identically aligned. 

𝐹𝑉 =
(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛)

(𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛)
Eqn. 6.3 

Additionally, as mentioned in the experimental section, the SHLS system was not used 

on a floating optical table, instead foam rubber was used for vibration isolation. 

Interferometric systems are extremely sensitive to low frequency vibrations commonly 

found in most buildings. Because the SHLS relies on wavefront tilt-induced phase shifts 

on the order of the wavelength of light being analyzed, low frequency vibrations are 

detrimental to the quality of the interferogram produced. This low-tech, foam-rubber 

vibration isolation system reduced vibrations in the fringe image to the point of being 

visually imperceptible, but may have contributed to the slightly lower resolution and 

fringe visibility.  

 The theoretical spectral bandpass of the SHLS is a function of the resolving 

power and the number of detector elements on the ICCD in the horizontal, spectral, 
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Figure 6.3: Benchtop spectrum of copper metal by an accumulation of 500 LIBS 

sparks. Inset shows the interferogram cross-section. The gate delay was 1.25μs with a  

10.25 μs gate width. 
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direction. The spectral range of the SHLS is limited by the Nyquist limit as shown in 

Equation 6.4: 

∆𝜆 =
𝑁𝜆

2𝑅
Eqn. 6.4 

Where ∆λ is the bandwidth, λ is the central wavelength, N is the number of detector 

elements in the dispersion plane of the diffraction gratings, and R is the resolving 

power.28 For the system described the theoretical spectral range was 45 nm both above 

and below the Littrow wavelength.  

 Benchtop LIBS measurements of copper, magnesium, calcium, and manganese 

were taken by placing solid samples on the optical axis, 1.5 m from the SHLS entrance 

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

light was collected only by the 10 mm diffraction gratings. At 1.5 m, this corresponds to 

a collection solid angle of ~ 4.6x10-5 sr at the gratings.  Laser pulses were ~ 50 mJ/pulse 

with a 0.4 mm diameter spot size at the target and each sample spectrum was acquired 

using 500 laser shots. Figure 6.3 and 6.4 shows LIBS emission spectra of Cu and Mg 

metal samples, respectively.  Both spectra are measured at wavelengths below the 532 

nm Littrow but close to the laser 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 is about 0.3 nm.  The insets show the 

interference fringe patterns, background subtracted.  The FV is 0.20 for Cu and 0.26 for 

Mg.  This low value is likely due to optical imperfections in the interferometer.  

 The three strong Cu lines at ~ 510, 515 and 522 nm match Cu emission lines 

listed in the NIST spectral data base.36 The Cu spectrum was calibrated in wavelength 

using a least squares fit to the spectrum and the known wavelengths of the three strong 
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Figure 6.4: Benchtop spectrum of magnesium metal by an accumulation of 500 LIBS 

sparks. Inset shows the interferogram cross-section. The gate delay was 1.25μs with a  

10.25 μs gate width. 
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Cu I lines.  This calibration curve was useful in identifying lines in other spectra as well 

as locating lines at wavelengths above the Littrow wavelength that overlapped the 

spectral region shown.  Two very weak lines, at ~ 490 and 496 nm match Cu I emission 

lines that appear above the Littrow wavelength at 573.2 and 570.0 nm, 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.17 The very weak line at ~ 510 nm matches a Mg 

I emission line that appears above the Littrow wavelength at 552.8 nm.  In previous work 

we described how the degeneracy of lines above and below the Littrow wavelength can 

be removed, and the spectral range doubled, by tilting one diffraction grating vertically 

and using a 2D FFT.  For the spectra shown here this is not necessary because the lines 

are sufficiently resolved and the calibration is good enough to determine which lines are 

above or below the Littrow wavelength, without ambiguity.   

 Figure 6.5 and 6.6 shows emission spectra of Ca and Mn metal samples, 

respectively, measured at 1.5 m with no collection optics other than the 10 mm gratings.  

Note that the Ca emission spectrum is shown below the Littrow wavelength, where the 

Ca I lines at ~ 504, 519, 526, and 527 nm are prominent.  The spectrum is complicated 

though by Ca I lines at wavelengths above Littrow, overlapping lines in the region 

shown, especially around 504 nm where there are 7 Ca I lines from ~ 558 to ~ 560 nm 

that would overlap the 504 nm spectral range.  The Mn spectrum shows lines in a spectral 

range above the Littrow wavelength.  The main group of lines between ~ 538 and ~ 552 

nm are Mn I lines. However, the line that appears at 547 nm does not match any line in 

this spectral region.  It does match a known weak 515 nm Mn I line which would be 

folded into this spectral region.  However, the 571 nm bandpass filter would be expected 
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Figure 6.5: Benchtop spectrum of calcium metal by an accumulation of 500 LIBS 

sparks. Inset shows the interferogram cross-section. The gate delay was 2.3 μs, with a 

2 μs gate width. 
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Figure 6.6: Benchtop spectrum of manganese metal by an accumulation of 500 LIBS 

sparks. Inset shows the interferogram cross-section. The gate delay was 0.6 μs with a 

8 μs gate width. 
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to block the 515 nm line, so the identity of this line is not known.  Similarly, the line that 

appears at ~ 597 nm appears to be a Mn I line in the ~ 467 to ~ 470 nm range as there is 

no Mn I line at ~ 597 nm. 

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

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

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

without using any collection optics the acceptance angle of the SHLS is 1.8°, 

corresponding to a FOV at 4.5 m of ~ 140 mm.  Thus, light originating from greater than 

~ 0.9° on either side of the optical axis should degrade the quality of the interferogram. 

To test this, the FOV was measured by placing a 66 cm 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 directed in random 

order to positions along the Cu strip. Figure 6.7 shows that the baseline-subtracted 

intensity of the 522 nm Cu line, plotted as a function of angle from the optical axis, is 

relatively constant within +/- one degree 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 angles greater than ~ 1° is because the light 

travels through the SHLS at such an extreme angle that part of the beam completely 

misses the ICCD.  The relatively wide acceptance angle and large entrance aperture 

afforded by the SHLS design helps to alleviate many issues associated with stand-off 

LIBS measurements, namely relaxed laser pointing and alignment requirements. The fact 

that light can enter the system up to 1° off axis through a large aperture without detriment 
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Figure 6.7: Field of view of the SHS was investigated by placing the samples 4.5m 

from the SHS at various distances perpendicular to the optical axis. Each position was 

repeated in triplicate. The 522 nm copper line intensity was baseline subtracted for 

each spectrum and averaged across replicates.  
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to the interferogram also allows for relaxed alignment requirements for coupling 

collection optics to the SHLS. This makes it relatively easy to introduce a telescope to 

improve light collection, since it is much easier to align to the large aperture of the SHLS 

than with the small slit on a common dispersive spectrometer. 

For the 20 m standoff measurements, optimizing the laser focus was 

accomplished by monitoring the sound from the shock wave induced by the laser spark, 

with a microphone connected to an oscilloscope. Over certain regions of laser power we 

found that the LIBS spectral intensity and the intensity of the shock wave produced by 

the LIBS plasma are proportional to the laser irradiance impingent upon the sample. 

Figure 6.8 shows the microphone signal (dashed fit line) produced by forming a laser 

spark on a copper sample 20 m from the SHLS, as the focus of the laser was changed in 

small increments from approximately 1 m in front of the sample surface to approximately 

1 m past the sample surface. The emission intensity of the 522 nm copper line (solid fit 

line) was also measured at each focal position, with the SHLS 20 m from the sample, 

using no collection optics other than the 10 mm diffraction grating.  Both signals are 

plotted versus laser irradiance at the sample. The laser irradiance at the sample was 

calculated by measuring the laser power at the sample and estimating the laser spot size 

using laser burn paper, and measuring the diameter of the burn spot. The microphone 

focusing approach was simple and allowed optimal focusing at standoff distances to be 

achieved without approaching the sample.  Figure 6.9 shows how the emission intensity 

and acoustic signals change as a function of the position of the laser focus, relative to the 

surface of the sample.  As the focal point is brought closer to the surface of the sample 

both the microphone signal and the Cu emission intensity increase to a maximum and
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Figure 6.8: Shock wave and spectral intensity as a function of laser irradiance at the 

sample. 
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Figure 6.9: Plot of shock wave and spectral intensity as a function of focal point 

distance to sample surface. Negative values on the x-axis indicate that the focal point 

is between the SHS and the sample surface, while positive values indicate that the 

focal point is beyond the surface of the sample. 
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 drop off as the focal point moves past the sample. Thus, monitoring the acoustic signal 

was found to be useful for optimizing the LIBS signal remotely. 

The 40 m round-trip of the laser pulse from the laser to the sample, and the 

resulting LIBS emission returning to the SHS takes about 133 ns, an order of magnitude 

smaller than the gate delay used in the benchtop configuration. Thus the gate timing used 

in the benchtop measurements was also used for standoff measurements. However, 

because the signal was weaker, the number of summed laser shots was increased from 

500 to 1000 and the gain of the detector was increased from 100 to 250.  For the 20 m 

measurements the laser was focused to a ~ 1.2 mm diameter spot on the target using a 

beam expander.  

 Figure 6.10 shows LIBS spectra of Cu and Mg measured at 20 m with no 

collection optics other than the SHLS 10 mm gratings and beam splitter.  The remarkable 

thing about these spectra is that you can measure the emission at all.  The collection solid 

angle of the SHLS using 10 mm diffraction gratings and no collection optics, for samples 

at a 20 m sample distance is 0.2 μsr.  Thus, the solid angle of collection was ~ 180 fold 

less than the benchtop measurements.  The 515 and 522 Cu lines are clear in the top 

spectrum though the SNR is not high.  In the case of Mg, the 516.7, 517.3, and 518.4 

lines are clear, well above the noise level.  The resolution is ~ 0.3 nm for all the lines 

shown. 

The emission intensity for the Cu 522 nm line is only about 7 times less for the 20 

m measurements (1.7x106) than for the 1.5 m distance, benchtop measurements 

(1.2x107).  This may appear surprising given the ~ 180 fold reduction in collection 

efficiency at 20 m.  For the 1.5 m measurements, the laser irradiance at the sample was 
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Figure 6.10: Standoff measurements with no collection optics other than the 10 mm 

diffraction gratings of copper metal (top) and magnesium metal (bottom). Each 

spectrum is an accumulation of 1000 LIBS sparks. 
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~ 4x1013 W m-2 and at 20 m the laser irradiance was ~ 1.2x1013 W m-2.  This should result 

in a further ~ 3 fold decrease in the LIBS emission if the LIBS emission scales as laser 

irradiance, though this is not necessarily always the case. However, the detector gain was 

increased from 100 at 1.5 m to 250 at 20 m, which, given the nonlinearity of ICCD gain, 

can explain the Cu 522 nm line intensity being greater than may initially be expected 

given the decrease in collection efficiency and laser irradiance at 20 m. 

Although 20 m standoff measurements were demonstrated without the use of 

additional collection optics, realistically, collection optics are used for standoff 

measurements.  A 127 mm diameter f/12.1 Schmidt-Cassegrain telescope was introduced 

on-axis with the SHS and a re-collimating lens used to direct a 10 mm diameter beam 

into the spectrometer. This increased the collection solid angle to ~ 5x10-5 sr, almost 

exactly the same as the benchtop measurements.  Figure 6.11 shows LIBS spectra of Cu, 

Mg, Ca and Mn using this setup.  For these measurements only 100 laser shots were 

accumulated for each spectrum and detector gain remained at 250. The 522 nm copper 

line intensity collected at 20 m standoff with 100 laser shots accumulated (Figure 6.11 

top) was approximately 20% greater than the line intensity recovered in the benchtop 

configuration using 500 laser shots accumulated (Figure 6.3) due to the greater detector 

gain used for standoff configurations. The intensity for the 522 nm copper line using the 

telescope was ~ 8 times greater than the intensity measured using no collection optics 

(Figure 6.10 top), but consistent with the intensity of the benchtop measurements. 

6.4 CONCLUSIONS 

Standoff LIBS with the spatial heterodyne spectrometer has been demonstrated 

for the first time. The wide field of view of the SHS, shown to successfully recover 
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spectra with LIBS plasma deviating from the optical axis of the spectrometer by ~ 1°, and 

high throughput of the SHS allow LIBS spectra to be collected at distances up to 20 m 

with no collection optics. Monitoring the shock wave intensity of the LIBS plasma with a 

microphone and oscilloscope provided a convenient method to optimize laser focus at 

standoff distances without approaching the target. The addition of a small telescope for 

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

even while accumulating 900 fewer laser shots per spectrum.
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Figure 6.11: Standoff measurements with a 127mm Schmidt-Cassegrain telescope of 

various elements: upper most is copper metal, second from the top is magnesium 

metal, second from the bottom is calcium metal, and bottom most is manganese metal. 
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