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GAS VISUALIZING METHODS AND SYSTEMS WITH BIREFRINGENT
POLARIZATION INTERFEROMETER

CROSS-REFERENCE TO RELATED APPLICATIONS

This patent application claims the benefit of and priority to U.S. Provisional Application No.
62/180,557 filed on June 16, 2015 and entitled “MULTIPLE GAS VISUALIZING
METHODS AND SYSTEMS,” which is incorporated herein by reference in its entirety.

TECHNICAL FIELD

The present disclosure relates generally to imaging and visualizing gas and, in particular, to

imaging and visualizing gas using infrared imaging cameras and methods.

BACKGROUND

Thermal imaging devices, such as IR cameras, might be used for detecting gas occurrence,
for example in the form of a gas cloud or gas plume e.g. from fugitive gas emissions or gas
leaks, and for producing a visual representation of such gas occurrence as a gas infrared
image. Such a gas infrared image can be used for visualizing gas occurrence or gas leaks, e.g.
as smoke or a cloud on images presented on the viewfinder of a camera, on an integrated or
separate display, or on an external computing device, thereby allowing the user to see gas
occurrence in a scene observed and imaged by means of an IR camera. A variant of such
techniques is called passive infrared gas imaging and is based on using radiation from a scene

without any additional illumination for detecting gas.

Gas detection IR cameras, which are able to produce a full picture of a depicted area with gas
appearing as smoke on the camera's viewfinder, have been provided. Two main types of
cameras have been developed which operate in different wavelength bands; the mid-wave
infrared band, 3-5 pm, and the long-wave infrared band, 7-14 pm. These cameras, which
utilize a narrow-band spectral filter to single out the wavelength of interest, are able to detect

and to visualize gases.
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There is a need to improve the performance of IR cameras when in use for gas detection in

gas imaging.

SUMMARY

Embodiments of the present disclosure comprise a gas imaging system. The system
comprises a lenslet array configured to form a plurality of thermal radiation ray bundles
based on received thermal radiation emitted from a scene. Further, the system comprises a
birefringent polarization interferometer configured to generate an optical path difference for
each respective ray of the plurality of ray bundles, where the optical path differences combine
to form an interference fringe pattern, and an infrared detector configured to capture an array
of thermal sub-images of the scene based on the respective thermal radiation ray bundles and
modulated by the interference fringe pattern. The captured thermal sub-images may represent
a plurality of interferogram sample points of the thermal radiation from the scene, and may be
used to construct a plurality of hyperspectral images of the thermal radiation from the scene
to enable detection, identification, and/or imaging of a selection of different gases in the

scene.

In some embodiments, the birefringent polarization interferometer is positioned in the
respective optical paths of the plurality of thermal radiation ray bundles, and the lenslet array
and the birefringent polarization interferometer are configured such that the focal planes of

lenslets comprised in the lenslet array coincide with an interference fringe localization plane.

In further embodiments, the infrared detector may optionally be positioned in the coinciding
focal planes and the interference fringe localization plane. In some embodiments, a relay lens
system may optionally be placed between the birefringent polarization interferometer and the
infrared detector. In some embodiments, the thermal radiation ray bundles may form a

plurality of thermal sub-images produced by the lenslet array.

In some embodiments, the lenslet array may comprise an array of lenslets each forming a
substantially identical sub-image of infrared radiation received at the lenslet array (e.g.,
infrared radiation received from a scene containing gas). The number of lenslets in the lenslet
array may be chosen to achieve desired spectral and spatial resolutions in response to the
number of pixels (e.g., the spatial resolution) provided by the infrared detector and the gas

absorption/emission spectra of interest. In some embodiments, the lenslet array may be
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configured as a two-dimensional array, while in other embodiments, the lenslet array may be

configured as a one-dimensional array.

In some embodiments, the birefringent polarization interferometer may comprise a generating
polarizer, two prisms, a half-wave plate and an analyzer. In some embodiments, the two
prisms may be Nomarski prisms. For example, according to some embodiments, the two
Nomarski prisms may be rotated 180 degrees in relation to each other, and/or the Nomarski
prisms may comprise two uniaxial birefringent crystals wedged together with a wedge angle.

In some embodiments, the two prisms may be made of rutile, TiO»,or of sapphire, Al,Os.

In some embodiments, the gas imaging system may further comprise a processor, configured
to identify different spectral bands in the array of thermal sub-images, and to image a

selection of different gases in the scene based on the identified different spectral bands.

In other embodiments herein, a method in a thermal imaging apparatus for imaging a
selection of different gases in a scene is provided. For example, according to one or more
embodiments, the method comprises receiving thermal radiation emitted from a scene;
forming, by a lenslet array, a plurality of thermal radiation ray bundles based on the received
thermal radiation; generating, by a birefringent polarization interferometer, an optical path
difference for each respective ray of said plurality of ray bundles, where the optical path
differences combine to form an interference fringe pattern; capturing, by an infrared IR
detector, an array of thermal sub-images of the scene based on the respective thermal
radiation ray bundles and modulated by the interference fringe pattern. The captured thermal
sub-images may represent a plurality of interferogram sample points of the thermal radiation
from the scene, and may be used to construct a plurality of hyperspectral images of the
thermal radiation from the scene to enable detection, identification, and/or imaging of a

selection of different gases in the scene,

Some embodiments of the method may further comprise, by a processor and code portions,
identifying different spectral bands in the array of thermal sub-images, and imaging a

selection of different gases in the scene based on the identified different spectral bands.

The scope of protection is defined by the claims, which are incorporated into this section by
reference. A more complete understanding of embodiments herein will be afforded to those

skilled in the art, as well as a realization of additional advantages thereof, by a consideration
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of the following detailed description of one or more embodiments. Reference will be made to

the appended sheets of drawings that will first be described briefly.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a working principle of optical gas imaging, according to one or more

embodiments presented herein.

Fig. 2 shows a birefringent polarization interferometer (BPI) comprised in a gas imaging

system, according to one or more embodiments presented herein,

Fig. 3A shows schematically a gas imaging system, according to one or more embodiments

presented herein.

Fig. 3B shows a plurality of sub-images received at a focal plane array in the form of a

thermal radiation detector, according to one or more embodiments presented herein.

Fig. 4 shows an optimization plot for a gas imaging system, according to one or more

embodiments presented herein.

Figs. 5A and 5B show example plots of an optical path difference A for different
combinations of a prism wedge angle y and an optic axis inclination angle 6 for a BPI,

according to one or more embodiments presented herein.

Figs. 6A shows an example plot of the distance between a BPI and an interference fringe
localization plane as a function of a prism wedge angle y and an optic axis inclination angle 8

for a fixed prism height, according to one or more embodiments presented herein.

Figs. 6B shows an example plot of the distance between a BPI and an interference fringe
localization plane as a function of a prism height for a fixed prism wedge angle y and optic

axis inclination angle 3, according to one or more embodiments presented herein.

Fig. 7 shows a BPI having truncated prisms, according to one or more embodiments

presented herein.

Fig. 8 shows schematically a gas imaging system, according to one or more embodiments

presented herein.
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Fig. 9 shows tracing of rays through the gas imaging system of Fig. 8, according to one or

more embodiments presented herein.

Fig. 10 shows reconstructed spectra for various gases over the wavelength from 3 to 5

micrometers, according to one or more embodiments presented herein.

Embodiments of the present disclosure and their advantages are best understood by referring
to the detailed description that follows. It should be appreciated that like reference numerals

are used to identify like elements illustrated in one or more of the figures.

DETAILED DESCRIPTION

Some prior art gas imaging systems only resolve a single wavelength or a single narrow band
of wavelengths, and are thus unable to identify the type of gas. There is a need to provide a
further improved gas imaging system able to identify type of gas, that is, to determine which

gas, or plurality of gases have been detected.

The embodiments of the disclosure relate to a gas imaging system and related method that
enable imaging of a selection of different gases in the scene. The gas imaging system may be
comprised in a thermal imaging apparatus, such as an IR camera, in accordance with one or

more embodiments of the disclosure.

Cameras that have the capability to resolve a large number of wavelengths are called
hyperspectral cameras. Such cameras measure spectrum of objects for each pixel in the image
of a scene, and may be seen as a combination of a camera and a spectrometer. All atoms and
molecules have a unique electromagnetic spectrum, a sort of spectral signature or fingerprint.
Hence, the chemical composition of an object may be identified by measuring its spectrum.
Hyperspectral imaging may be used in a large number of applications, for example, in
agriculture and environmental surveys to remotely identify the progress and health of
growing crops and forests, in mining and oil industries to look for minerals and oil, in
biotechnology and biomedical engineering to study cells and proteins with fluorescent

microscopy, and in astronomy to obtain spatially-resolved spectral images.

In accordance with embodiments of the disclosure, hyperspectral instruments are used for gas

imaging, where gases may be detected and identified from their spectral signature. Such
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embodiments may target different gases with absorption and/or emission of electromagnetic

radiation in different parts of the electromagnetic field.

A method to detect and/or identify gases from their electromagnetic absorption and/or
emission spectrum using hyperspectral imaging is described herein. Spectral information is
multiplexed by an interferometer based on birefringent polarizing prisms, and the
interferogram is Fourier transformed to reconstruct the original spectrum. Embodiments of
the disclosure are adapted and some instances optimized for optical gas imaging in the mid-
wave infrared wavelength of 3—5 pm (micrometer). Some embodiments are adapted to detect

and/or identify the hydrocarbon gases as well as carbon dioxide and nitrous oxide.

In accordance with embodiments of the disclosure, a complete hyperspectral image may be
captured in a single exposure. One advantage of this is that the risk of scanning artifacts is
eliminated. Some embodiments are used for detecting and/or identifying gases with varying

spectra.

Fig. 1 illustrates a working principle of optical gas imaging, according to one or more
embodiments presented herein. It should be understood that the Fig. 1 is illustrated for
absorption-based detection/imaging (e.g., when gas absorbs radiation) as an example, but that
embodiments of the present disclosure are suitable for both absorption-based and emission-
based gas detection/imaging. In the absorption-based example of Fig. 1, a background object
110 emits infrared radiation which passes through a gas cloud 120 that is cooler than the
background, i.e. Thackground ™ Teas and the gas absorbs some of the infrared radiation. In
situations where gas cloud 120 is warmer than the background, i.e., Toackgromd < Tgas fOr
emission-based detection/imaging, the gas emits more infrared radiation than is absorbed. A
thermal radiation detector in a thermal imaging system 130, for example in the form of an IR
camera, detects the resulting incident radiation. The absorption of radiation by the gas results
in a lower detected signal at the detector in the thermal imaging system 130 than would be
the case in the absence of a gas cloud, thus enabling imaging of gas based on the lower
detected signal. Conversely, the emission of infrared radiation by gas results in a higher
detected signal that would be the case in the absence of a gas cloud, thus enabling
detection/imaging of gas based on the higher detected signal. For some embodiments, a filter
is placed in front of the detector of the thermal imaging device to narrow the detected
radiation to a selected wavelength band. The diagram 140 illustrates the intensity of radiation

per wavelength with a filter for a selected wavelength.

6
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As known in general physics, atoms absorb and emit radiation corresponding to electronic
transitions between electron energy states. The energy of absorbed and emitted photons must
equal the excitation and de-excitation energy of electrons to conserve energy. Because each
transition has a specific energy difference, absorption and emission only occur for
wavelengths corresponding to these specific energies. Perhaps the most well-known example
of this is the absorption of solar radiation in the solar atmosphere, observed as dark lines,
known as Fraunhofer lines, in the solar spectrum, Because the absorption and emission is
unique to each element, the characteristic lines act as a kind of spectral signature or
“spectroscopic fingerprint”, a feature that can be used to identify elements. Most electronic
transitions are in the ultraviolet or visible spectral range. However, many molecular gases
have absorption and emission in the infrared spectral range. Molecules possess additional
degrees of freedom compared to atoms, namely rotational and vibrational modes. As for the
electronic transitions, rotational and vibrational excitations can only occur between specific
energy states. Therefore, absorption and emission due to vibrational transitions only occur for
specific wavelengths. Thus, any atom or molecule can be identified by measuring its

characteristic spectrum.

Techniques, in accordance with embodiments, that detect gases by thermal imaging utilize
absorption or emission of infrared radiation in rotational and vibrational bands of gas
molecules. Thus, as illustrated in Fig. 1, a background object of temperature T emits radiation
within a certain spectrum. The radiation passes through a gas plume of temperature Tga <T.
Some of the radiation, with wavelengths corresponding to the energy of vibrational
excitations, is absorbed by the gas. The radiation that reaches the detector of the camera thus
lacks certain wavelengths. This has the effect that the intensity at the detector is lower if there
is some gas between the camera and the background object compared to the situation when

there is no gas present at all.

By placing a filter in front of the detector according to some embodiments, as illustrated with
diagram 140, the spectral region may be tuned to match an absorption band of a certain gas or
a certain class of gases. A narrower filter, as illustrated with diagram 150, yields a larger
relative signal change, and thus a higher signal contrast and sensitivity, However, the total
intensity decreases, as illustrated with diagram 160, so there is a trade-off that is tuned by
analyzing the signal-to-noise ratio, for example, tuned to reduce higher-order noise through

spectral selection by the filter. The resultant detector signal change due to the filter(s) is
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illustrated with diagram 170. If the gas is hotter than the background, the contribution from
gas emission will be larger than absorption. Therefore, a hot gas between the camera and the

background results in an increase in the signal.

Apart from being absorbed and emitted, radiation can also be scattered, which happens when
an excitation is immediately followed by de-excitation. In optical gas imaging applications,
scattered radiation is often the result of hot objects other than the background, emitting
radiation which is scattered by the gas and detected by the camera. Some embodiments

comprise, for example, shielding to alleviate scattered radiation.

Some embodiments are further configured to detect and also quantify gas. Some
embodiments in accordance with the disclosure are configured, in addition to detecting gas,
to identify a detected gas by being configured to measure the intensity of a plurality of
wavelengths. For example, such intensities may each constitute a sampled spectrum, to be
compared with known gas spectra (e.g., including gas spectra generated by calculation and/or
simulation, such as by the HITRAN simulation for gas emission/absorption and transmission

spectra) and checked for a match.

Grayscale cameras produce images that describe the intensity 1 (X, y) as a function of two
spatial coordinates, x and y. Color cameras reproduce the color of a scene by combining
intensities from three separate color channels: red, green and blue. The channels correspond
to three different bands in the visible spectrum. Hence, color cameras may be understood to
produce images describing the intensity I (x, y, A) as a function of the wavelength A, in
addition to the two spatial coordinates. According to some embodiments described herein,
multispectral and hyperspectral cameras increase the number of spectral bands. Such a

multispectral or hyperspectral system may have more than 10 spectral bands.

An object of hyperspectral imaging is.to obtain a complete spectrum for each pixel of an
image. Thus, a hyperspectral image may consist of a three-dimensional dataset typically
called a datacube. The three sides of the cube represent x, y and A, and each element
represents the intensity I (x, y, A). In hyperspectral imaging the datacubes may be of a higher
dimensionality than two-dimensional detector arrays. This may be solved by either collecting
time-sequential 2D slices of the cube, or simultaneously measuring all elements of a cube by
dividing it into a plurality of 2D elements, distributed and organized in some way on the

detector array, and then recombining them into a cube during post-processing. These two
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techniques are referred to as scanning and snapshot, respectively. Different scanning
techniques are available. Spectral-scanning systems capture spatial images of a scene one
spectral band at a time, for example by inserting a different filter in front of the detector for
each image. Point-scanning systems capture a spectrum of each point of the scene, one point
at a time. Such systems typically disperse light from a single point of the scene onto a line-
array detector. Line-scanning systems image the scene one slice at a time, where light enters

the system through a thin slit, and is dispersed onto the detector array.

Some embodiments may operate in the spectral range where the monitored gases have
absorption peaks. Several different ranges may be of interest. For example, many
hydrocarbons, such as 1-pentene, benzene, butane, ethane, ethanol, ethylbenzene, ethylene,
heptane, hexane, isoprene, MEK, methane, methanol, MIBK, octane, pentane, propane,
propylene, toluene, and xylene, have absorption in the lower mid-wavelength infrared, 3—5
micrometers, and the potent greenhouse gas sulfur hexafluoride, (SF6), and several
refrigerant gases have absorption in the long-wavelength infrared, 7-14 micrometers. All
components in the system may transmit, or reflect in the case of mirrors, radiation in the
intended spectral range. Further, in systems with extremely small components, with sizes the

same order or less than the wavelength of the infrared light, diffraction effects may occur.

Various embodiments of the disclosure may utilize spectral filters, prisms, diffraction
gratings or interferometers, or any combination thereof, to extract spectral information.
Techniques utilizing interferometers, like for example Fourier transform infrared
spectroscopy, have some advantages compared to filtering and dispersive techniques. These

advantages are called Fellgett’s advantage and Jacquinot’s advantage.

Fellgett’s advantage, also called the multiplex advantage, may be described as an improved
signal-to-noise ratio of interferometric measurements compared to direct measurements. This
is due to the fact that with filters and dispersive elements, such as prisms and gratings, one
wavelength is measured at a time. Thus, each pixel receives only a fraction of the total
intensity of the light, since only a single wavelength reaches each pixel; all other wavelengths
have been filtered out or dispersed to other pixels. Interferometers, on the other hand,
multiplex the signal, thus, the spectral information from all wavelengths are measured
simultaneously. Thus, the intensity of the signal is not reduced by filtering or dispersing the

signal, which results in a higher signal-to-noise ratio for interferometer-based systems.
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Jacquinot’s advantage, or the throughput advantage, is an improved signal-to-noise ratio due
to higher optical throughput of interferometers when compared to dispersive elements, which

require small entrance slits that restrict the amount of light that passes through them.

A high signal-to-noise ratio is an advantage in optical gas imaging techniques, particularly for
quantitative measurements. Different configurations may be provided according to different
embodiments. For a comparison, multiple-image Fourier transform spectral imaging is a
technique combining a two-dimensional lenslet array with a Michelson interferometer.
However, this mirror interferometer-based technique is sensitive to vibrations, thermal

expansion, air turbulence, and other effects that may affect the measurements.

According to various embodiments, a robust device, which is less sensitive to vibrations, is
provided and comprises a snapshot hyperspectral imaging Fourier transform spectrometer.
This is an alternative to the Michelson interferometer in other embodiments and comprises a
birefringent polarization interferometer, with birefringent prisms. Exemplifying embodiments
comprising such techniques are described herein. In this regard, embodiments of the
disclosure advantageously provide an improved signal-to-noise ratio compared with filter-

based or dispersive technologies.

A gas imaging system in accordance with embodiments of the disclosure in the form of a
snapshot hyperspectral imaging Fourier transform spectrometer comprises a lenslet array, a
birefringent polarization interferometer and a focal plane array in the form of a thermal

radiation detector, also called an IR detector.

In various embodiments, the birefringent polarization interferometer (BPI) comprises
birefringent materials having a refractive index that depends on both the polarization and the
propagation direction of light. This may be of a type of birefringent media that has one
symmetry axis and is called uniaxial. This axis, called the optic axis, governs the anisotropy
and defines a special direction of the media. All directions at a given angle to the optic axis
are optically equivalent. Such uniaxial media split an incident beam into two rays: one, called
the ordinary ray (o-ray), with the polarization perpendicular to the optic axis, and the other,
called the extraordinary ray (e-ray), with the polarization partly in the direction of (but not
necessarily parallel to) the optic axis. Operations and principles of the BPI according to
embodiments of the disclosure are described below with reference to Equations 1-15 relating

to ray tracing of the o-ray and e-ray through uniaxial media.

10



10

15

20

25

WO 2016/205565 PCT/US2016/037933

The ordinary wave (o-wave) obeys Snell’s law,
ny sinf; = n, sin Gy, (Equation 1)

where n, is the refractive index of the incident medium, 6, is the incident angle, no is the
refractive index of the o-wave in the birefringent material, and 6, is the o-wave angle of

refraction, The extraordinary wave (e-wave) obeys a similar law,
n, sinf; = n sinB,, (Equation 2)

where O is the angle of refraction for the e-wave, and # is the effective refractive index for
the e-wave. The difference between the two formulas is that #, is a constant, whereas n is a

function of the angle between the e-wave vector and the optic axis. Denoting this angle by 6,

we have Equation 3:

Ny N,

= (Equation 3)
Jn2sin2 6 + n2 cos? 0

n

where 1, is the extraordinary refractive index. Note that n varies between the two extreme
values ng and n, for different 8. n, and n, are both properties of the birefringent medium,

and are usually expressed as the birefringence B =n, — n.

In isotropic media, the wave vector k and the ray vector (Poynting vector) S point in the same
direction. However, in birefringent media, this is only true for the ordinary ray. For the
extraordinary ray, the wave vector ke and the ray vector Se are not parallel, which means
that the power flow, given by the Poynting vector, is not in the same direction as the surfaces
of constant phase, Because the ordinary wave vector and ray vector are the same, Equation 1

fully describes the ordinary refraction.

The behavior of the extraordinary wave vector and the ray vector according to embodiments

of the disclosure is calculated as follows. In an example of extraordinary ray and wave vector

refraction in uniaxial media, a wave vector K, is incident on the surface of a birefringent
medium at an angle 8,. The extraordinary wave vector Ke is refracted with an angle 8¢ and

the extraordinary ray vector Se is an angle o from Kke. The optic axis is denoted by W and the

coordinate system is chosen so that the x-axis is the surface normal i. A monochromatic

plane wave 121 falls on the plane surface of a birefringent medium. A coordinate system is

11
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chosen so that the x-axis is parallel to the surface normal fi, and the yz-plane is coincident

with the surface, ﬁe is the refracted e-wave vector, Se is the refracted e-ray vector, and W is

the optic axis. The phase matching condition
ki r=Kke r, (Equation 4)

where r is any point on the surface, imply that the e-wave vector Ke is in the plane of

incidence (the xy-plane). Hence, ke = (cos B, sin B, 0), where 6¢ is the angle of refraction
for the e-wave. Let W= (x,, yo, zo), then, because the angle between the optic axis and the e-

wave vector is 6,
ﬁe “W=c0s 6 =1x, cosfe + o sinbe. (Equation 5)

Substituting this into Equation 3, we get Equation 6:

NoN,

Jn2[1 — (xocos 8, + yosinB,)2] + n3(xe cos b + Yo sinb,)? '

(Equation 6)

Inserting this Equation 6 into Equation 2 and simplifying, we get a quadratic equation in cot

&¢, Equation 7:
[nZ + x2(n2 — n3)] cot? 6, + 2xyyo(n2 — nf) cotd,

nong ~0 (Equation 7)

2 202 2
+ng + y5(ng — ng) — Zein? B,
1 1

Solving this equation, we get Equation §8:

2.2 4 1 202(m2 2

ngns +nsx;(ng —n

—2xpyo(nz — n§) Zno\/ ¢ 2 eSiI;)Z(Hi 2) _ [n§ — (nZ —n§)(x§ + ¥$)]
1

cotl, =
¢ 2[nZ + x2(nZ — nd)]

(Equation 8)

Only one of the solutions will be physically reasonable, corresponding to the solution that lies

between the two extreme values of fe when ng and ne are substituted into Equation 2.

12
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It can be shown that the angle between ke and S¢ is given by Equation 9:

o (n2 —n2)tanéd (Equation 9)
nZ+nitan?6

o can also be related to ﬁe and §e through their scalar product,
Se ‘ke=cos a. (Equation 10)
In general, S"¢ is not in the incident plane. However, it is coplanar with wand Ke, thus,
5 S¢ W xKe=0. (Equation 11)

Combining Equations 5, 9, 10, and 11, together with the normalization condition on Se= (Sx,

Sy, Sz), yields:

sin 6, sin a (x, sin 8, — y, cos 6,) (Equation 12)
V78 + (xq sin 8, — y, cos 6,)? ’

S, =cosacosb, +

cos B, sin a (x, sin 6, — y, cos 6,)

Sy = cosasinf, — (Equation 13)

V72 + (xo5in 6, — y, cos ,)2

Zysina

z = : (Equation 14)
Jz& + (xysin 6, — y, cos B,)?

10
With these equations, the propagation of both the ordinary and the extraordinary rays and
waves may be calculated in any uniaxial medium, in accordance with embodiments.
The final result from this calculation is in some embodiments used when calculating optical
path lengths, is the effective refractive index for the e-ray vector ng, which is

15 - Ny =ncos . (Equation 15)

Fig. 2 shows a birefringent polarization interferometer (BPI) 200 comprised in a gas imaging
system according to one or more embodiments presented herein. In some embodiments, the
BPI 200 comprises a generating polarizer 210 (also labeled “G” in the figures), a first prism
220, a second prism 230, optionally a half-wave plate 240 and optionally an analyzer 250 (a
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second polarizer, also labeled “A” in the figures). In some embodiments, the first prism 220

and second prism 230 are separated by the half-wave plate 240.

As shown in Fig, 2, a non-polarized light ray 260 (e.g., infrared ray) enters the BPI 200 (from
the left in the example of Fig. 2). In Fig. 2, spatial orientation is indicated by a coordinate
system x-y-z, with the x axis vertical and the z axis horizontal in the plane of the figure and y
pointing out of the plane. In embodiments, the generating polarizer 210, which in this
example is oriented at 45 degrees in the xy-plane, generates a polarized light beam with a
polarization state which is a superposition of equal parts x and y polarization. In
embodiments, the first prism 220 splits the linearly polarized beam into two orthogonally
polarized beams, a first orthogonally polarized beam 261 (shown in Fig. 2 as a solid line) and
a second orthogonally polarized beam 262 (shown in Fig. 2 as a dashed line), which may
respectively correspond to the ordinary and the extraordinary rays of a uniaxial crystal

discussed above with reference to Equations 1-15.

The half-wave plate 240 rotates the polarization states 90 degrees so that the polarization
directions of the two orthogonally polarized rays 261, 262 are switched. The second prism
250, identical to the first prism but relatively rotated 180 degrees around the z-axis or x-axis,
focuses the two orthogonally polarized rays so that they intersect in a fringe localization
plane 270 parallel to the xy-plane, indicated in Fig. 2 by the vertical dashed line between the
second prism 230 and the analyzer 250, also referred to as the interference fringe localization
plane 270. In some embodiments, non-linear filtering or other optical filtering may be
performed in the interference fringe localization plane 270, for example by providing an

optical filter or other optical element.

Since the rays travel different paths through the prisms, there will be an optical path
difference A between them. A depends on the x-position and angle of the incident ray, and
determines the interference fringe pattern. In embodiments, the analyzer 250 analyzes the
two orthogonally polarized rays 261, 262 into a coherent polarization state, enabling
interference fringes to be formed on a detector once focused by converging lenses or relay

lens system (e.g., a relay lens system 320 in Fig. 3A below).

In embodiments illustrated by Fig. 2, the prism may for example be a Nomarski prism (NP),
consisting of two uniaxial birefringent crystals here wedged together with a wedge angle v,

which splits the linearly polarized beam into two orthogonally polarized beams, which may
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correspond to the ordinary and the extraordinary rays, respectively, of the uniaxial crystal as
discussed above. The optic axis of the first wedge is oriented at an angle & in the zx-plane. As
described herein, the ordinary ray always has a polarization perpendicular to the optic axis,
so its polarization is in the y-direction. The extraordinary ray, which always has a
polarization component in the direction of the optic axis, is polarized in the x-direction. In the
figure, the path of the two polarization states x and y is represented by the dashed line (the
line representing polarized ray 262) and the solid line (the line representing polarized ray

261), respectively.

In the second crystal wedge, the optic axis is parallel to the y-axis. Thus, the ray that was
ordinary in the first wedge becomes extraordinary in the second wedge, since the polarization
of the ray is unchanged by the refraction and still is in the y-direction, i.e. parallel to the optic
axis of the second wedge. Similarly, the extraordinary ray in the first wedge becomes
ordinary in the second. After the first Nomarski prism, a half-wave plate (HWP), oriented at
450 in the xy-plane, rotates the polarization \states 90° so that the polarization direction of the
two orthogonally polarized rays are switched. Hence, the ray that was x polarized before the
HWP becomes y polarized, and vice versa. A second Nomarski prism (NP2), identical to

NP1 but rotated 180, focuses the two rays so that they intersect in a plane paraliel to the xy-

plane.

Since the rays travel different paths through the prisms, there will be an optical path
difference A between them. A depends on the distance from the point where the ray strikes
the BPI to the BPI symmetry plane that is coplanar with the yz-plane (where the wedges have
the same thickness). Hence, A depends on the x-position and, in general, the angle of the
incident ray, and determines a resulting interference fringe pattern. The fringes are localized
in the plane where the rays intersect, the fringe localization plane (FL). The analyzer 250 (A),
identical to the generating polarizer 210 (G), analyzes the rays into a coherent polarization

state, enabling interference fringes to be formed on a detector.

Fig. 3A shows schematically an optical system 300 comprised in a gas imaging system (e.g.,
in the thermal imaging system 130), according to one or more embodiments of the disclosure.
In embodiments, an object in an observed scene is imaged by an array of smaller lenses (also
referred to as lenslets), from here on referred to as a lenslet array 310, which creates a
plurality of light bundles forming an array of identical (or substantially identical due to

negligible or tolerable parallax error between the lenses of the lenslet array 310, for example)
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sub-images of the object, in short also called sub-images. The sub-image light bundles are
transmitted through the BPI 200 which creates the optical path difference as a function of x-
position and angle of the incident ray as discussed above. The distance between the lenslet
array 310 to the BPI 200 and the focal length of the lenslets 310 are chosen so that the focal
planes of the lenslets 310 are coincident with the fringe localization plane 270 (not shown in
Fig. 3A). This makes the sub-images coincident with the interference. The BPI 200 is rotated
an angle v around the z-axis 340, which introduces a y-position dependence in A. This
follows from the fact that the BPT symmetry plane is rotated, so the distance to this plane will

depend on y for a given x

Relaying the sub-images through a relay lens system 320 relocates and focuses both the
fringes and the sub-images onto a focal plane array (FPA) 330 preferably in the form of a
thermal radiation detector, also called IR detector. By placing the FPA 330 at this relocated
position of the fringes and the sub-images, an array of focused sﬁb—images together with an
interference pattern is recorded on the detector. Relaying in this way may be beneficial to
allow a greater degree of freedom in choosing the position of the fringe localization plane
270, and in turn a greater degree of freedom in designing and optimizing the elements of the
BPI 200 such as the prisms 220 and 230. Furthermore, relaying through the relay lens
system 320 may permit cooled FPA detectors to be utilized, by providing room for a
container (e.g., a Dewar cooler assembly) enclosing and cooling the detector array. In other
embodiments, as discussed above, the FPA 330, such as a sensitive, uncooled infrared FPA,
may be placed directly at the fringe localization plane 270, instead of relaying the sub-images
through the relay lens system 320. In such embodiments, the analyzer 250 may be
repositioned closer to the second prism 230 to form the fringe localization plane 270 after the

analyzer 250.

Thus, the optical system 300 according to one or more embodiments comprises: the lenslet
array 310 configured to form a plurality of thermal radiation ray bundles based on received
thermal radiation emitted from a scene, each ray bundle representing the received thermal
radiation emitted from the scene (e.g., each bundle representing a sub-image of the same or
substantially same thermal radiation emitted from the identical or substantially identical
scene); the BPI 200 configured to generate an optical path difference (e.g., by splitting and
recombining each ray into two rays, where the optical path difference between the two results

in an interference appearing as a corresponding intensity level) for each ray of the plurality of
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'ray bundles (e.g., for each ray of the plurality of sub-images formed by the lenslet array 310),
where the aggregate of all rays through the BPI 200 creates an interference fringe pattern;
and the FPA 330 (an infrared IR detector) configured to capture an array of thermal sub-
images of the scene based on the respective thermal radiation ray bundles and modulated by
the interference fringe pattern. The captured array of sub-images thus represents an
interferogram of the thermal radiation from the scene, which can be reconstructed (e.g., by
applying the Fourier transform as discussed herein below for some embodiments) into a
hyperspectral image comprising thermal images of the scene in different spectral bands and

enabling imaging a selection of different gases in the scene.

Embodiments illustrated in Fig. 3A form a birefringent polarization interferometer
incorporated into the snapshot hyperspectral imaging system. The interference of two

monochromatic beams of the same wavenumber ¥ = 1/ X is given by

I =1+ 21, cos(p; — @q), (Equation 16)

where I; and I, are the intensities of the beams, ¢ and ¢, are the phase of the beams, and / is
the total resultant intensity. The phase of a beam is ¢ = 2 n¥L, where L is the optical path
length of the beam, i.e. the distance travelled multiplied by the refractive index. The
difference in optical path lengths of two beams is L, — L1 = A, which is the optical path

difference. Substituting this in Equation 16 and setting I, = I, = %ID, where Ij is some

source intensity, yields
I(A) = I4(1 + cos(2nVA)). (Equation 17)

For a source emitting a spectrum of wavenumbers I (), the intensity as a function of A can

be expressed as Equation 18:

1(8) = [7 1 (9)(1 + cos(2m¥A))d¥. (Equation 18)
This can be rewritten as Equation 19:

1) = [ 1@)(1 + e2™)ds. (Equation 19)

The spectrum of the source I (¥) is recovered by Fourier transforming the interferogram

I (A) as represented by Equation 20:
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1@ =F[I(D)] = %fjooo 1(A)(1 + e 27 gA, (Equation 20)

As described, the rotated BPI creates an optical path difference A that is a function of x, y,
and, in general, the incident angle 6;. The influence of #; is small compared to x and y and
can normally be ignored. As BPI is rotated at an angle y # 0, the optical path difference will
be A= A(x, y) and all pixels will sample a different optical path difference. Assuming that
the number of lenslets in the lenslet array is N x M, there will be N x M sub-images
generated on the FPA 330. The result is N x M focused sub-images on the FPA, modulated

by an interference fringe pattern determined by the spectral properties of the scene.

Fig. 3B illustrates a plurality of sub-images 360 generated on a focal plane array in the form
of a thermal radiation detector. In Fig. 3B a global coordinate system xy is the same as in Fig.
3A, whereas the x;y; system is local to sub-image 7, fori € {1,2, ... ,NxM}, aﬂd describes
the relative position within a sub-image. Each pixel at the same relative position within the
sub-images receives a different A and therefore detects a different intensity. The intensities of
all these pixels make up the interferogram for the corresponding point on the object, In Fig.

3B, the fringe pattern is depicted by the light and dark stripes.

The intensities of all pixels at the same relative position within the sub-images form an
interferogram of the corresponding point on the object. In Fig. 3B, for example, the
intensities of the pixels marked yellow (shown also as hatched boxes) make up the
interferogram for the lowest-rightmost pixel, since the image is reflected horizontally and
vertically, point on the object, The spectrum of the point is reconstructed by taking a Fourier
transform of the interferogram using Equation 20. The full hyperspectral images are

constructed by repeating this procedure for all pixels in the sub-image.

Various embodiments of the disclosure provide different configurations and different
configuration parameters of a hyperspectral gas imaging system. For example, in an
example configuration according to some embodiments, the BPI 200 may comprise a
half-wave plate. Referring again to Fig. 2, the configuration parameters may comprise at

least one of®

- geometric parameters, such as thickness, height and position, of polarizers 210,

250, prisms 220, 230 and half-wave plate 240,
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- optical parameters, such as refractive index, of polarizers 210, 250, prisms 220,

230, half-wave plate 240, and possibly surrounding medium;

- optical parameters, such as ordinary and extraordinary refractive indices, of
prisms 220, 230; and/or

- optical parameters, such as wedge angle y 281 and optic axis inclination angle &
282.

The determination of at least some of these configuration parameters for various
embodiments may, for example, be illustrated with reference to Fig. 4, which shows an
optimization plot 400 for a gas imaging system according to one or more embodiments
presented herein. In some embodiments, the optimization plot 400 is used to determine
wedge angle y 281 and orientation angle & 282 of the optic axis of the first wedge, e.g. in the
first prism 220. In the example of Fig. 4, the prism height is /prism = 21mm and the distance
between the back face of the second prism and the fringe localization plane 270 (Prism-FL
distance) is > 1 mm, as indicated in the top-right corner of Fig. 4. In some embodiments, a
largest optical path difference Ay 410 is calculated by determining a critical sampling
optical path difference Anyquis: needed to reconstruct (per the Nyquist theorem) a desired
minimum wavelength of infrared radiation Ani, and the number of lenslets of the lenslet array
310 above the prism symmetry axis. In some embodiments, the optimal combination of
parameters prism height, v, 8 and the distance between FL and the back side of the second
prism that gives this Ay, is determined, thus determining wedge angle y 281 and orientation

angle 6 282 of the optic axis of the first wedge.

According to various embodiments, these and other configuration parameters may be
determined such that the BPI 200 is adapted to operate optimally in the infrared spectrum.
Furthermore, the determination of these parameters according to various embodiments may

optimize the BPI 200 and the optical system 300 for gas imaging applications.

In one aspect, the material for prisms 220 and 230 (e.g., Nomarski prisms) is, according to
various embodiments, chosen to be a material that fulfills the requirements for providing
birefringence and acceptable transmission in the infrared. Non-limiting examples of such
materials applied in one or more embodiments described herein include rutile (TiO,) and

sapphire (Al;Os). Rutile has a birefringence of B = +0.17 at 3.38 micrometer and a
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transmission range of 0.4—5 micrometers. Sapphire has a relatively low birefringence of B =
-0.008 at 3.33 micrometer and a transmission range of 0.5-5.5 micrometers. Both
transmission ranges cover the mid-wave infrared region, where many hydrocarbons have
absorption, as well as carbon dioxide and nitrous oxide, making both materials suitable for
optical gas imaging of these gases. For example with sapphire, it is possible to manufacture
thin as well as thicker crystal wedges, and also specify the optic axis orientation to sub-

degree precision,

In another aspect, the dimensions and materials of the polarizers 210 and 250 and the half-
wave plate 240 may be chosen to provide desired properties of the BPI 200 for infrared gas
imaging. In one non-limiting example, the half-wave plate 240 may be selected to be 0.6 mm
thick and made of cadmium thiogallate, and the polarizers to be of wire grid type on 2 mm
thick silicon substrate. Both cadmium thiogallate and silicon transmit in the 3-5 micrometer

region.

As for the lenslet array 310, the number of lenslets in the lenslet array 310, and hence the
number of sub-images transmitted by the lenslet array 310, determines the spatial resolution
of the hyperspectral images. For example, if the number of pixels on the FPA 330 isn x m,
where n and m is the number of pixels per row and column, respectively, the sub-images, and
hence the reconstructed hyperspectral images, will have a spatial resolution of n/N x m/M
pixels, where N and M is the number of lenslets per row and column, respectively. The
number of lenslets in the lenslet array 310 also determines the spectral resolution, as the
number of spectral sample points in the reconstructed spectrum is proportional to the number

of sub-images.

Hence, there is a trade-off between spectral and spatial resolutions; the former increases with
the number of lenslets, whereas the latter decreases with the number of lenslets. According to
various embodiments, the number of lenslets in the lenslet array 310 is chosen to achieve a.
desirable balance between the spectral and spatial resolutions for gas imaging, for example,
based on the number of desired sampled points for gas imaging as discussed below with

reference to Equations 21-22.

In another aspect, the number of lenslets per row (N) and the number of lenslets per column
(M) are chosen in various embodiments to utilize as many of the pixels on the FPA as

possible. In some embodiments, this may be achieved by matching the number of sub-
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images and their aspect ratio to the format (e.g., the number of pixels per row and column,
also referred to as the pixel dimension) of the FPA 330. Thus, in one example, N and M are
chosen so that the remainder of n/N and m/M is zero. The aspect ratio of the sub-images is
/N : m/M. In embodiments where N = M, the sub-images will have the same aspect ratio as
the FPA, and the number of lenslets per row and column will be equal. In embodiments
where N # M, the aspect ratio of the sub-images will in general not be the same as that of the
FPA, but in some embodiments it is chosen to be 1 : 1 (square format), which has the
advantage of an x—y symmetry in the incident angles on the BPI 200 from each lenslet. In this
case, the magnitude of the effect of incident angle on optical path difference will be the same

in both directions for each sub-image.

In some embodiments, the FPA 330 may be a high quantum efficiency cooled type to
maximize the sensitivity. In other embodiments, the FPA is an uncooled type such as
microbolometer detectors. In order to get high resolution hyperspectral images, the FPA
preferably has a large format, For example a large format for cooled detectors isn x m =
1280 x 1024 pixels with a pitch of 15 micrometers. In an example, a number of lenslets was
chosen to be N x M = 10 x 8, matching the FPA aspect ratio of 5 : 4 and yielding square
format images. In some embodiments, spatial resolution may be selected to be subordinate to
spectral resolution, for example by choosing 10 x 8 lenslets rather than 5 x 4. This may be
motivated by the fact that gas plumes inherently are quite “diffuse”, whereby the spatial
resolution needed to resolve them is relatively low, and that a high spectral resolution is
needed to identify gas spectra. 10 x 8 lenslets creating 10 x 8 sub-images on a 1280 x 1024
FPA as in this example provide a spatial resolution of 128 x 128 pixels, in comparison with 5
x 4 lenslets providing a higher spatial resolution of 256 x 256 but correspondingly lower

spectral resolution.

As for the determination of the number of sampling points for a desired spectral resolution,
the sampling frequency needs to be at least twice the frequency of the signal to properly
reconstruct the spectrum of a detected radiation without aliasing. For a broadband sigﬁal, the
highest frequency component determines the Nyquist frequency. Put another way, the
shortest wavelength A that can be reconstructed is equal to twice the difference in optical
path differences between two consecutive interferogram points. Thus,

Amin

o= Ayyquise = AXirn, Yiv) — A0 ¥, (Equation 21)
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where Anyquist is the critical sampling optical path difference. Because the intensity is
independent of the sign of A (see Equation 18), only one side of the interferogram is unique
and contributes to the resolution of the reconstructed spectrum. The spectral resolution, i.e.
the smallest resolvable difference in wavenumber, is AY - 1/Amax, Where Ay 1s the largest
optical path difference in the interferogram. Here, Amax =10, Ag, where n, is the number of
positive interferogram points, or, equivalently, the number of lenslets that sample positive

optical path differences, and A is a selected sampling period.

An example of determining Ag, n_, and Amgy for obtaining a desired interferogram will now

be illustrated in accordance with one or more embodiments. As can be appreciated from the
discussion above, smaller AV means better resolution, and minimizing A¥ is equivalent to
maximizing Amax. To be able to reconstruct a chosen Ami, the sampling period is constrained

by the Nyquist criterion, Ag < Anyquist = Aminz2. The equality Ag= Anyquist Maximizes Amay.

The number of positive interferogram points n, (which determines the number of lenslets in

the lenslet array 310) is maximized when a purely single-sided interferogram is collected, i.e.
when only positive A is sampled. Purely single-sided interferograms are, however, extremely
sensitive to a type of error called phase errors. These errors, which can arise from
misplacement of the zero optical path difference point, lead to errors in the reconstructed
spectrum. In comparison, double-sided interferograms, which contain an equal number of
positive and negative interferogram points, are very stable in regard to phase errors, and the
output spectra essentially unaffected. Because purely single-sided interferograms are so
sensitive to phase errors, the maximum attainable spectral resolution is, according to one or
more embodiments, sacrificed for an increased stability against phase errors. In this regard,
according to some embodiments, a mix of a few negative A points with a majority of
positive A points are sampled to increase stability (also refer to as performing phase
correction), or vice versa. In one non-limiting example, approximately 25 % of the sampled
interferogram points negative points to provide enough stability against phase errors. In
another non-limiting example, approximately 25% of the sample points are positive

interferogram points added to provide stability while approximately 75% are negative points.

Thus, in one specific example according to one or more embodiments, the desired spectral

region for gas imaging was chosen to be 3—5 micrometers (e.g., to cover hydrocarbon, carbon
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dioxide and nitrous oxide absorptions, and other gases in the mid-wave infrared region), and
hence, Amin = 3 micrometer and Ayyquist = 1.5 micrometer. In this example, to maximize Apay,

A, was set equal to Anyquis, and the number of positive interferogram points was setto n_ = (1

—0.25)NM = (.75 - 80 = 60 to perform phase correction using 25% negative interferogram
points, where the number of lenslets per row is N=10 and per column is M=8. The largest
optical path difference in this example then becomes Ay = 90 micrometer, which yields a

resolution of AV = 111 cm™!

. The total number of spectral points in the reconstructed
spectrum will be Nyiot = Amax/Amin = 30. These points will be evenly spread out in
wavenumber space between Vi, =0 em™ and Vimax = 1/Amin = 3333 om . Therefore, the
number of spectral points in the wavelength region between Ay = 3 micrometer and Amax = 5
micrometer will be

Y romin™ P 3333-2000 cm™*

. =30————————=12. (Equation 22)

Vimax—Vmin 3333-0cm™1

N = N/’L,tot

The configuration of optical system 300, including the prism height Apsm, the prism wedge
angle y 281, the optic axis inclination angle 8 282, and the position of the fringe localization
plane 270, will now be discussed in further detail according to various embodiments of the
disclosure. In general, according to various embodiments, the height of the prisms Apism, the
wedge angle y 281, and the optic axis inclination angle & 282 may be chosen to achieve a
desired largest optical path difference Ap,x in the interferogram. The height of the prisms
hprism, the wedge angle v 281 and the optic axis inclination angle 6 282 in turn determine the
distance between the BPI 200 and the fringe localization plane 270 (also referred to herein as
the BPI-FL distance),

To determine the wedge angle v 281 and the optic axis inclination angle & 282 for achieving a
suitable largest optical path difference Anax, experiments have been carried out in connection
with the present disclosure, In this regard, Figs. SA and 5B show example plots of the optical
path difference A as a function of the x-position of normally incident rays on a BPI (with a
height of 15 mm in this example) for different combinations of y and 8, in accordance with
an embodiment of the disclosure. In particular, Fig. SA shows a plot of A for five different
values of y while § is fixed at 70, and Fig. 5B shows a plot of A for five different values of &
while vy is fixed at 110-. As the inventors of the present disclosure have verified through

experiments and shown in Figs. 5A and 5B, there is a general trend of increasing optical path
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differences with both y and 8, and a strong linearity over all combinations of the parameters.

Additionally, y has a greater impact on A than 6 has.

Additional experiments carried out by the inventors of the present disclosure also show how
the distance between the BP1 200 and the fringe localization plane 270 (the BPI-FL distance)
may be determined as a function of y, 8, and the prism height. For example, Figs. 6A and 6B
show example plots of the BPI-FL distance respectively as a function of y and 3 for a fixed
prism height of 20 mm and as a function of the prism height for fixed y = 90.1° and 8 = 35¢,
As shown in Fig. 6A and according to the experiments carried out by the inventors, for this
example the maximum distance occurs when & = 35¢ and y v 90° (y cannot be exactly 90° as

this would mean infinitely thin prisms).

The distance between the BP1 200 and the fringe localization plane 270 is relevant because,
as discussed above, one aspect of the BPI design is the placement of the FPA 330 at the
fringe localization plane 270. For embodiments in which cooled detectors are used to
implement the FPA 330, an enclosed volume (e.g., a Dewar cooler assembly), which is
typically about 30 mm long, is present before the pixel array to cool the pixel array. Thus, for
these embodiments, the distance between the BPI 200 and the fringe localization plane 270
would thus need to be at least 30 mm for the fringe localization plane 270 to coincide with
the pixel array. As shown in Fig. 6B, the corresponding prism height to provide this distance
would be at least about 150 mm, The prism height for other desired BPI-FL distances may be

determined in a similar manner according to embodiments.

Depending on the specific implementation examples, however, the resulting size of the
prisms 220 and 230 may be too large relative to the size of the FPA 330 (i.c., the FPA 330 is
too small to cover all of the transmitted radiation through the prisms 220 and 230). In this
regard, as discussed above, optical system 300 according to some embodiments include a
relay lens system (e.g., relay lens system 320) between the BPI 200 and the FPA 330 which
relays the interference fringes and the sub-images to the FPA 330. With the introduction of
the relay lens system, the fringe localization plane 270 no longer has to coincide with the
FPA 330, which means that the position of the plane 270, and therefore the height of the
prisms, the prism wedge angle v 281, and the optic axis inclination angle & 282, may be
chosen more freely in these embodiments. As another benefit, the fringe localization plane
270 may be placed outside of any volume, for example the prisms 220 and 230, to avoid

imaging of any impurities within the volume. Furthermore, it may advantageously be placed
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far away from any optical surfaces to reduce stray light from multiple reflections, and to

avoid imaging of dust particles on the surface.

Thus, as discussed with reference to Figs. 5A—5B and 6A—6B, the BPI 200 according to
various embodiments is configured with a combination of the prism height Aprism, the prism
wedge angle y 281, and the optic axis inclination angle 8 282 that provides a desired optical
path difference Angy (€.g., corresponding to a desired spectral band and spectral resolution for
gas imaging) and places the fringe localization plane 270 at a desired distance from the BPI
200. To determine the desired prism height, wedge angle v 281, and optic axis inclination
angle 8 282 according to various embodiments of the disclosure, an optimization method was
performed through simulations in which rays were traced through the BP1200 for all

combinations of y and 8, starting with an initial value for the prism height Zrism,

For example, simulations were performed to determine these configuration parameters for the
desired largest optical path difference Amax = 90. For each simulation where the BPI-FL
distance was greater than a predetermined threshold, the largest optical path difference Amax
was calculated. If no combination of y and § yielded Apayx = 90 micrometer, the prism height
was increased and the simulations repeated. If the largest Amax » 90 micrometer, the prism
height was instead decreased and the simulations repeated. Finally, if the largest Ayax = 90
micrometer, the combination of'y, 8, prism height, and fringe localization plane distance that

gave the value closest to 90 micrometer was chosen.

Referring again to Fig. 4, the example optimization plot 400 represents one result of such
simulations according to embodiments, used to determine the prism height Apriem, the prism
wedge angle v 281, and the optic axis inclination angle 6 282 that provides Amax= 90
micrometer and places the fringe localization plane 270 at least 1.0 mm from the BPI 200. In
this example, the prism height Aprism Was determined to be 21.0 mm, and a range for the prism
wedge angle y 281 and the optic axis inclination angle 6 282 that yields Ape = 90 micrometer
and a fringe localization plane distance > 1.0 mm is shown in the optimization plot 400,
such as for example y = 103.8° and & = 48.3° yielding Amax = 89.98 micrometer and a fringe

localization plane distance of 1.0 mm.

According to some embodiments, the prism wedges (e.g., prisms 220 and 230) may be cut, so
that they are truncated without affecting the properties and operations of the BP1 200 with
respect to the largest optical path difference Amx or the BPI-FL distance. As discussed above,
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the prisms in some embodiments generate a double-sided interferogram, where negative (or
positive) interferogram points are not sampled or only a few are sampled for phase
correction, and thus the portion of the prisms corresponding to such unused interferogram

points may be removed.

For example, both positive and negative optical path differences A are shown in Figs. SA and
5B above, which may be generated by the Nomarski prisms with two wedges having the
same thickness or other prisms with similar characteristics according to some embodiments.
Here, the optical path difference A is zero for x = 0 mm, which corresponds to the symmetry
axis of the Nomarski prisms, while the optical path difference A is positive above the axis
and negative below the axis. For a specific example where approximately only 25%
interferogram sample points are negative (e.g., for phase correction), approximately only
25% of the prism height (corresponding to the 25% of the sample points which are negative)
needs to be below this symmetry axis and the rest may be above it. To achieve this, the prism
wedges can be cut so that they are truncated, which beneficially saves material that would
otherwise have been unutilized and permits a more compact design for the BP1 200 and the

optical system 300 of the thermal imaging system 130.

An example of such truncated prisms 720 and 730, and hence a truncated BPI 700, is
illustrated in Fig. 7 in accordance with an embodiment of the disclosure. Compared with the
BPI 200 of Fig. 2, the prisms 720 and 730 are truncated such that about 25% of the prism
height (e.g., 5 mm out of 20 mm) is below the symmetry axis while about 75% of the prism
height (e.g., 15 mm out of 20 mm) is above. As one skilled in the art would understand from
the disclosure, the prisms 220 and 230 of the BPI 200 may be truncated to leave a proportion
of the prism height below the symmetry axis (or above the symmetry axis if positive
interferogram points are to be used for phase correction instead of negative interferogram
points) that corresponds to other desired proportions of the sampled interferogram points
(e.g., in a range of 10%-30% or 0% to 50%, such as 10%, 30%, 50%, or 0% for no phase
correction) used for phase correction as used other implementation examples according to

various embodiments.

Fig. 8 and Fig. 9 show schematically a gas imaging system 800, such as the thermal imaging
system 130, in accordance with embodiments of the disclosure. In one or more embodiments,
the gas imaging system 800 (or the thermal imaging system 130) comprises the BPI 200 or
700, the lenslet array 310, the relay lens system 320, and the FPA 330 discussed above for
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various embodiments, and may further comprise an afocal telescope 810 designed with one or
more objective lenses 820 to control the field of view and one or more heat and stray light
baffles 830 to reduce noise caused by stray heat and/or light. Fig. 9 also shows tracing of rays
of thermal radiation from an object in an observed scene (from left in Fig. 9) and traveling
through the optical components (e.g., the afocal telescope 510, the lenslet array 310, the BPI
200 or 700, and the relay lens system 320) to reach the FPA 330.

In some embodiments, all or some of components of gas imaging system 800 may be silver
or AR-coated to maximize SNR and minimize polarization changes. In some embodiments,
one or more suppotting surfaces may be coated with high-emissivity coating to reduce
reflections and stray light. In some embodiments, the FPA 330 may be provided in a cooled
Dewar, and the acceptance angles of the cold shield of the Dewar may be matched to the exit

angles of thermal radiation from the optical components.

As a specific example according to embodiments, the afocal telescope 810 comprises two
objective lenses 820 and two baffles 830. In this example, both objective lenses 820 may
have a focal ratio of 1 and may be placed with a separation of two focal lengths when
focused at infinity, so that they share a common focal point between them. In addition, the
two baffles 830 are configured to replace a conventional field stop having a single field stop
in between two objective lenses 820. This is to reduce stray light coming from the baffles

530 themselves and other parts of the gas imaging system 800.

More specifically, the baffles 830 may be placed away from the focal point, thereby reducing
stray light coming from the baffles 830, the interior walls of a housing enclosing the gas
imaging system 800, and other components in the gas imaging system 800. Note that all
components in the gas imaging system 800, except the cooled detector, can be assumed to be
at room temperature and thus emit infrared radiation corresponding to the room temperature.
For example, the baffles 830 themselves can be approximated as black bodies, and thus
radiate according to Planck’s law. In this regard, at room temperature, a non-negligible
fraction of the total energy is emitted internally by the components of the gas imaging system
800 in wavelengths that coincide with the spectral response of the detector. As discussed

above, the baffles 830 may reduce the influence of such internally emitted infrared radiation
on the FPA 330.
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Furthermore, the objective lenses 820 and the baffles 830 of the afocal telescope 810 are
configured to restrict the field of view to obtain accurate optical path differences A. In this
regard, experiments and simulations have been carried out in connection with the present
disclosure to determine the dependence of optical path difference on incident angle for the
system. For example, rays were traced through the whole system and the optical path
difference was calculated in these experiments and simulation. First, the rays were required
to be normally incident on the first objective lens 820 farthest from the BPI 200 or 700,
which means that they were normally incident on the lenslet array 310 as well. In addition,
all rays were required to go through the same lenslet. For each ray, the incident angle on the

BPI 200 or 700 and the optical path difference A was calculated.

The ideal case, which is also the case the BPI is designed for in one or more embodiments, is
when all rays are normally incident on it. Thus, the figure of interest is the deviation from
this case for rays with non-zero incident angle. The difference in A may be shown as a
function of the incident angle on the BPT 200 or 700. The difference was relatively small

compared to the sampling period A = 1.5 micrometer, and always less than 15% of'it. The

same calculation was repeated for rays incident on the first objective lens 820 at 5. The non-
zero incident angle on the first objective lens 820 makes the angles incident on the BPI 200
or 700 larger than in the first case. Hence, the deviations are larger. In this case, the

differences can be as large as 30 % of the sampling period A. Therefore, according to some

embodiments, the objective lenses 820 and the baffles 830 of the afocal telescope 810 are
configured to restrict the field of view, for example, restricted to be within Se, 10°, or other

suitable angles.

The lenslet array 310, as discussed above for various embodiments, comprises an array of
lenslets each forming a substantially identical sub-image of infrared radiation received at the
lenslet array 310 (e.g., infrared radiation received from a scene containing gas). The number
of lenslets in the lenslet array 310 is chosen to achieve desired spectral and spatial resolutions
in response to the number of pixels (e.g., the spatial resolution) provided by the FPA 330 and
the gas absorption/emission spectra of interest, as discussed above for various embodiments.
In one specific example where 10 x 8 lenslets are provided in the lenslet array 310 to form 10
x § sub-images, the diameter of each lenslet may be equal to the height of the prisms divided
by 10.
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The relay lens system 320 comprises one or more relay lenses 840 according to various
embodiments. In the example shown in Fig. 8, the relay lens system 320 comprises two relay
lenses 840, which together relay the sub-images and the interference fringes created by the
lenslet array 310 and the BPI 200, respectively, to the FPA 330. In some embodiments, the
FPA 330 may be a cooled detector, and a cold shield aperture 850 may be mounted on the
FPA 330 at a fixed distance to insulate the detector from the rest of the system.

In some embodiments, the focal length of the lenslets in the lenslet array 310 and the distance
between the lenslet array 310 and the BPI 200 may be adjusted so that the images formed by
the lenslets were focused exactly at the fringe localization plane 270. In this way, the
intermediate image plane may be made coincident with the fringe localization plane.
Furthermore, the focal length and position of the first relay lens 840 closer to the BPI 200
may be adjusted so that its focal plane also is coincident with the fringe localization plane
270, thus relaying both the sub-images and the interference fringes. The position and the
focal length of the second relay lens 840 closer to the FPA 330 may be adjusted so that all
rays are transmitted through the cold shield aperture 850. The FPA 330 is positioned at the
final image plane. The focal length of the lenslets and the relay lenses 840 may further be
adjusted so that the sub-images fill the entire FPA 330 without overlapping, thus maximizing
the number of utilized pixels. Thus, in one specific example, the lenslets were set at a focal
length of £/7.34, the first relay lens 840 at f/1, and the second relay lens 840 at £/2.3. The

total length of the gas imaging system 800 in this example was approximately 200 mm.

The inventors of the present disclosure have verified the operations and characteristics of the
gas imaging system 800 according to various embodiments discussed above (e.g., the overall
operations and characteristics of a snapshot hyperspectral camera system), through
experiments, modeling, and simulations performed in connection with the present disclosure.
For example, those experiments, modeling, and simulations provided a proof-of-concept
showing how the BPI 200 could be combined with auxiliary optics to create a snapshot
hyperspectral imaging system such as the gas imaging system 800 according to embodiments

of the disclosure.

More specifically, the gas imaging system 800 according to various embodiments were
modeled in 3D to simulate interferograms and spectra using all incident rays. Ray tracing

calculations were performed assuming that the incident plane, defined by the incident wave
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vector k1 and the surface normal fi, was coincident with the xy-plane, fi was parallel to the x-
axis, and the yz-plane was coincident with the surface of the prism. At the slanted wedge
intersections of the prisms, the wedge angle may be added or subtracted from the incident
and refracted angles to correct for the normal not being parallel to the z-axis. In this regard,
the calculation was carried out in a new coordinate system x'y’z’ that was rotated about the
y-axis to align the z'-axis with the surface normal. After the calculation, the system was
rotated back and the angles in the original xyz-system could be used for subsequent
calculations. The same method was used to calculate rays incident with a non-zero y-
component in the 3D model. Here, the coordinate system was rotated to align the z'x'-plane

with the incident plane, with the z'-axis parallel to the surface normal.

The optical path length of each ray is then:

4
L= Z 1ni\/<zi+1 = 7%+ (tpyr — %)% + Wiwr — 01)?
1=

+sgn(zpy, — 25)ns/ (Zp, — 25)% + (xpp — %5)% + (Ve — ¥5)?,  (Equation 23)

where (x;, y;, z;) is the interface point with interface #, starting from the first prism’s surface,
n; the refractive index for the ray in the region between interface i and i + 1, and

(xp1, VL Zp,) the intersection point with the fringe localization plane 270.

As discussed above for various embodiments, the BPI 200, 700 is rotated an angle y about
the z-axis to make the optical path difference dependent on both x and y. To make the
sampling period constant between each sampling point, A needs to vary linearly between cach

subsequent sub-image,
A + 1,y + 1) — A, y) =As Vi€ {12,N X M— 1} (Equation 24)

Because A is linear in x, this is achieved when y = — arctan(1/M) according to various
embodiments, where the minus sign makes A decrease with y instead of increase. For
example, with M = 8 as illustrated above for some examples, this angle is determined to be y

= —7.125° according to various embodiments.

Continuing with the example in which the number of lenslets in the lenslet array 310 is 10x8
and the prism height is determined to be 21 mm, there were 10x8 equidistant rays in a

rectangular grid with a spacing of 2.1 mm, corresponding to the diameter of the lenslets. The
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case where rays normally incident on the lenslet array 310 and go through the center of each
lenslet was simulated. The interferogram resulting from the simulation is ideal, in the sense
that all rays are normally incident on the BPI 200, 700. The 80 optical path differences
obtained from this experiment and simulation had a minimum of Api, = —32.5 micrometer, a

maximum of Ay = 90.0 micrometer, and a mean sampling period of Ag= 1.55 micrometer

with a standard deviation of 2.71 - 107'° micrometer.

Using such a set of 80 optical path differences, different sources were simulated to generate
different interferograms, for example, according to Equation 18 above and with I(¥) set to
some source spectrum function. In one example, the source was a black body, and thus in

this example /(¥) is Planck’s law,

1 .

S = R TY = 253 Equation 23
1) = B@T) = 2he*P i, (Eq )
where # is Planck’s constant, ¢ is the speed of light, kg is Boltzmann’s constant, and 7'is the
temperature, which in this case was set to 7= 300 K. The source spectrum was normalized

prior to calculating the interferogram.

The spectrum was reconstructed using the Cooley-Tukey fast Fourier transform algorithm.
This algorithm requires that the number of sample points is a power of two. Therefore, a
standard zero-filling procedure of the interferogram was performed to increase the number of
points from 80 to the nearest power of two, 27 = 128. This increase in the number of points
in the spectrum gives an apparent smaller A, i.e. an apparent higher resolution. However,
the added zeros do not add any new information, as the zero-filling has the effect of
interpolating the spectrum. Thus, the effective resolution is based on the number of sample
points prior to zero-filling. In the calculations, a reconstructed spectrum was overlaid on the
original black body source spectrum for 3—5 micrometer. Based on this overlaying and
comparison, the inventors have verified that the reconstruction was very accurate and

indistinguishable from the original spectrum.

Given the accuracy of reconstructing a black body spectrum, some embodiments of the
disclosure may automatically set the emissivity of the source when performing optical gas
imaging through a comparison against the black body spectrum. In the absence of gas

absorption, a measured deviation from an expected black body spectrum at the known
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temperature may be attributed to the emissivity of the object, and thus be used to set the

emissivity of a background scene or object for gas imaging.

In another spectral reconstruction example according to embodiments, the source was two
closely spaced monochromatic lines. The spacing of the lines is equal to the theoretical
resolution A¥ = 111 cm™, which at 3.3 micrometer corresponds to 0.13 micrometer. The
reconstructed peaks were partly overlapping, but the two lines may still be resolved, thereby
affirming that the reconstruction according to embodiments of the disclosure is sufficiently

accurate.

In various embodiments, the gas imaging system 800 (e.g., a snapshot hyperspectral camera)
may be configured to detect and/or identify gases with absorption or emission in a desired
spectral band. As discussed above, the FPA 330 may be configured to have a spectral
response range covering at least the desired spectral band, the configuration of optical system
300, including the prism height Zprism, the prism wedge angle y 281, the optic axis inclination
angle 8 282, may be chosen to provide a corresponding largest optical path difference Amax,
hence the corresponding Amin for the desired spectral band, and the lenslet array 310 may
comprise lenslets in a number that provides a suitable spectral resolution and spatial
resolution for the FPA 330 and the desired spectral band. Furthermore, the gas imaging
system 800 according to one or more embodiments may include a logic device 880, such as a
processor (e.g., a general-purpose processor, a digital signal processor, or a microcontroller),
a programmable logic device (e.g., a field-programmable gate array), or an application-
specific integrated circuit, that is communicatively coupled to the FPA 330 and configured to
reconstruct hyperspectral images from the sub-images and the interference fringe pattern
(e.g., the interferogram) captured at the FPA 330. In some embodiments, the logic device 880
may be provided in an external device separate from the optical system (e.g., the FPA 330,
the BPI 200 or 700, the lenslet array 310, the relay lens system 320, and/or the afocal
telescope 810) of the gas imaging system 810, and may be configured to communicate with
the FPA 330 via wired or wireless network or connection, or otherwise receive the captured

thermal image (e.g., via a removable storage).

In this regard, the logic device 880 may be configured to construct (e.g., reconstruct,
determine, or generate) a set of hyperspectral images (e.g., a set of thermal images of a scene
in a plurality of different spectra, wavelengths, or frequencies) covering the desired spectral

band, based on the array of sub-images which are captured by the FPA 330 and together
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represent an interferogram of the thermal radiation from the scene. In some embodiments, the
logic device 880 may be configured to reconstruct hyperspectral images by applying a
Fourier transform on the group of pixels at the same relative position in the sub-images
captured by the FPA 330 and repeating the Fourier transform for all pixel positions in the
sub-images, as discussed with reference to Equations 16-20, Fig. 3B, and herein elsewhere.
Thus, in one example, the logic device 880 may be configured to perform the Cooley-Tukey
fast Fourier transform on all pixels grouped by the same relative position in the sub-images
captured by the FPA 330, with appropriate zero-filling to increase the sample points to the

nearest power of two.

In some embodiments, the logic device 880 may be further configured to detect and/or
identify one or more gases of interest from the set of constructed hyperspectral images,
and/or configured to present user-viewable images based on the set of constructed
hyperspectral images to enable a user to detect and/or identify a presence of one or more
gases of interest. For example, the logic device 880 may be configured to compare the
intensity changes (e.g., due to absorption or emission by one or more gases within the target
spectral band) in the set of constructed hyperspectral images against absorption/emission
profiles or database (e.g., stored in a memory of the gas imaging system 800) to detect and/or
identify certain gases. Additionally or alternatively, the logic device 800 may be configured
to present a visual representation, such as a combined image (e.g., fused, superimposed, or
tiled images) of the set of constructed hyperspectral images, which a user can view to
identify or detect one or more gases of interest in real time, for example. In some
embodiments, the logic device 800 may be configured to indicate the presence, type,
location, and/or shape of the identified gases in such a visual representation by differing

highlights in color or shade.

In some embodiments, the logic device 880 may comprise a processor configured to execute
machine-readable instructions (e.g., code portions) stored on a non-transitory machine-
readable medium to receive the captured sub-images from the FPA 330, reconstruct

hyperspectral images, and/or identify a gas of interest from the hyperspectral images.

In one implementation example, the gas imaging system 800 is configured to detect and/or
identify gases having their absorption/emission spectra in the 3—5 micrometer band. This
example according to one or more embodiments has been tested in its ability to detect and

identify gases in this spectral band, including methane (CHa), ethane (CoH,) butane (C4Hjo),
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carbon dioxide (COz), and nitrous oxide (N20). Fig. 10 shows reconstructed spectra for these
gases, in accordance with an embodiment of the disclosure. It should be understood that
although Fig. 10 illustrates the gas spectra for a single point rather than 2D images for ease of
understanding and improved clarity, the embodiments of the disclosure can reconstruct 2D
hyperspectral images as discussed herein.

In Fig. 10, the reconstructed spectrum 1010 for methane, representing intensity variations
over the wavelength from 3 to 5 micrometers due to absorption of infrared radiation, appears
to produce only a small bump, as the absorption/emission spectrum of methane is rapidly
varying with a large number of closely spaced sharp peaks in the 3—5 micrometer range.
However, in other embodiments that provide a higher spectral resolution, the bump may be
more clearly distinguishable and follow the methane absorption/emission spectrum more
closely. Ethene is slightly heavier than methane and its spectrum therefore is not quite as
rapidly varying, However, the peaks are still very sharp and closely spaced. Thus, a bump
corresponding to the absorption/emission wavelengths for ethene is not significantly
noticeable in the reconstructed spectrum 1020 for ethane in this example, but embodiments
with a higher spectral resolution may produce more noticeable results. The reconstructed
spectrum 1030 for butane is more accurate. The absorption/emission spectrum for butane is
not as rapidly varying as that of the lighter hydrocarbons, therefore the reconstructed
spectrum is more accurate. The same applies to the reconstructed spectra 1040 for carbon

dioxide and the reconstructed spectra 1050 for nitrous oxide, both of which were accurate.

In Fig. 10, butane, carbon dioxide and nitrous oxide are clearly distinguishable from each
other, and also distinguishable from the two lighter hydrocarbons, methane and ethene. Thus,
this example embodiment of gas imaging system 800 may not only detect, but identify (e.g.,
distinguish) butane, carbon dioxide and nitrous oxide in real applications. The two lighter
hydrocarbons, methane and ethene, may be detected, but a gas imaging system 800
configured to provide a higher spectral resolution according to some embodiments may be

needed to identify them.

In this regard, according to some embodiments, the number of lenslets in the lenslet array
310, which determines the number of sub-images and corresponding number of sample
points, is increased to provide a higher spectral resolution as discussed herein above.
However, as also discussed, if the resolution of the FPA 330 is not increase accordingly, this

decreases the spatial resolution. In some embodiments, either or both of the number of
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lenslets and the resolution of the FPA 330 are increased to provide a higher spectral

resolution capable of identifying lighter hydrocarbons such as methane and ethene.

As also discussed herein above, a small increase in spectral resolution may be achieved in
some embodiments by making the interferograms more single-sided, such as using a smaller
number of negative sample points (e.g., less than 25% of the total sample points, such as in
the range of 5-20%) or using no negative sample points (e.g., 0% of the total sample points)

for phase correction.

In some embodiments, another way to increase the spectral resolution is to employ spatial
heterodyning. In these embodiments, the gas imaging system further comprises a quarter-
wave plate and a polarization grating (not shown in the figures). These components introduce
a wavenumber dependence in the optical path difference, giving an offset in the

interferogram,
18 = [T 1) (1 + cos(2mA®F — ¥0)))d, (Equation 24)

where ¥ is the offset, determined by the characteristics of the polarization grating. As
already mentioned, the interferogram sampling points may be evenly spread out in
wavenumber space between ¥pin and ¥imax = 1/Amin, and samples between 0 om™ £0 Amin may
be wasted in other embodiments. However, by providing the offset ¥; in these embodiments,
the minimum wavenumber can be shifted to minimize the number of samples outside the
region of interest. In one example, by selecting ¥y = 1/ hmax, all samples would be within the
region of interest. For example, instead of roughly 12 samples between 3-5 micrometers in
the example illustrated with reference to Equation 22, all N, ;,,= 30 samples would be within

this band.

Where applicable, one or more embodiments provided by the present disclosure may be
implemented using hardware, software, or combinations of hardware and software. Also
where applicable, the various hardware components and/or software components set forth
herein can be combined into composite components comprising software, hardware, and/or
both. Where applicable, the various hardware components and/or software components set
forth herein can be separated into sub-components comprising software, hardware, or both. In
addition, where applicable, it is contemplated that software components may be implemented

as hardware components, and vice-versa. Where applicable, the ordering of various steps
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described herein can be changed, combined into composite steps, and/or separated into sub-

steps to provide features described herein.

The foregoing disclosure is not intended to limit the scope of protection to the precise forms
or particular fields of use disclosed. It is contemplated that various alternate embodiments
and/or modifications, whether explicitly described or implied herein, are possible in light of

the disclosure. Accordingly, the scope is defined only by the claims.
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CLAIMS

1. A gas imaging system, comprising:

a lenslet array configured to receive thermal radiation from a scene and transmit a

plurality of substantially identical sub-images of the thermal radiation from the scene; -

a birefringent polarization interferometer (BPI) configured to receive the plurality of
sub-images and generate an optical path difference for each ray of the plurality of sub-images
based on a respective position of each ray entering the BPI, the optical path differences

combining to form an interference fringe pattern; and

an infrared focal plane array (FPA) configured to receive the plurality of sub-images
modulated by the interference fringe pattern due to the optical path differences through the

BPI to provide a thermal image.

2. The gas imaging system of claim 1, wherein the thermal image of the plurality of sub-
images modulated by the interference fringe pattern represents a plurality of interferogram
sample points of the thermal radiation from the scene, the number of the interferogram

sample points being determined by the number of sub-images.

3. The gas imaging system of claim 1, further comprising a logic device configured to
determine a plurality of hyperspectral images each representing the thermal radiation from
the scene in a different wavelength band based on the thermal image of the plurality of sub-

images modulated by the interference fringe pattern.

4, The gas imaging system of claim 3, wherein the logic device is configured to
determine the plurality of hyperspectral images at least by applying Fourier transforms
respectively to groups of pixels from the thermal image, each group comprising pixels at the

same relative position in the respective sub-images.

5. The gas imaging system of claim 3, wherein the logic device is further configured to

detect and/or identify a presence of one or more gases of interest by analyzing the
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hyperspectral images to compare against infrared absorption/emission spectra of the one or

more gascs.

6. The gas imaging system of claim 3, wherein the logic device is further configured to

generate a visual representation of the hyperspectral images for viewing by a user.

7. The gas imaging system of claim 1, wherein:
the lenslet array and the BPI are positioned such that focal planes of lenslets
comprised in the lenslet array coincide with a localization plane of the interference fringe

pattern; and

the infrared FPA is positioned in the coinciding focal planes and the localization plane

of the interference fringe pattern.

8. The gas imaging system of claim 7, further comprising a relay lens system disposed
between the BPI and the infrared FPA and configured to relocate the coinciding focal planes

and the localization plane of the interference fringe pattern.

9. The gas imaging system of claim 1, wherein the BPI comprises two prisms rotated

180 degrees in relation to each other.

10.  The gas imaging system of claim 9, wherein the two prisms are Nomarski prisms each

comprising two uniaxial birefringent crystals wedged together with a wedge angle.

11.  The gas imaging system of claim 9, wherein the BPI comprises a generating polarizer
before the two prisms, an analyzing polarizer after the two prisms, and a half-wave plate

between the two prisms.

12.  The gas imaging system of claim 9, wherein the two prisms are truncated to leave

only a proportion of the two prisms below or above the symmetry axis of the two prisms, the
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proportion determined based on a proportion of interferogram sample points that are to be

used for phase correction.

13.  The gas imaging system of claim 9, wherein the two prisms are truncated in half such
that the thermal image of the sub-images modulated by the interference fringe pattern
corresponds to a single-sided interferogram sample points for the thermal radiation from the

scene,

14.  The gas imaging system of claim 9, wherein the two prisms are configured with a
wedge angle and an optic axis inclination angle that provide a maximum value of the optical
path differences that permits reconstruction of a minimum wavelength to be imaged by the

gas imaging system.

15. A method comprising:
receiving thermal radiation emitted from a scene by a lenslet array;

transmitting a plurality of substantially identical sub-images of the thermal radiation

from the scene by the lenslet array;

receiving the plurality of sub-images by a birefringent polarization interferometer
(BPI);

generating an optical path difference for each ray of the plurality of sub-images based
on a respective position of each ray entering the BP], the optical path differences combining

to form an interference fringe pattern;

receiving, by an infrared focal plane array (FPA), the plurality of sub-images
modulated by the interference fringe pattern due to the optical path differences through the

BPI to provide a thermal image.

16. The method of claim 15, wherein the thermal image of the plurality of sub-images

modulated by the interference fringe pattern represents a plurality of interferogram sample
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points of the thermal radiation from the scene, the number of the interferogram sample points

being determined by the number of sub-images.

17.  The method of claim 15, further comprising determining a plurality of hyperspectral
images each representing the thermal radiation from the scene in a different wavelength band
based on the thermal image of the plurality of sub-images modulated by the interference

fringe pattern.

18.  The method of claim 17, wherein the determining of the plurality of hyperspectral
images comprises applying Fourier transforms respectively to groups of pixels from the
thermal image, each group comprising pixels at the same relative position in the respective

sub-images.

19. The method of claim 17, further comprising detecting and/or identifying a presence of
one or more gases of interest by analyzing the hyperspectral images to compare against

infrared absorption/emission spectra of the one or more gases.

20 The method of claim 17, further comprising generating a visual representation of the

hyperspectral images for viewing by a user.

21. The method of claim 15, wherein:

focal planes of lenslets comprised in the lenslet array coincide with a localization

plane of the interference fringe pattern; and

the receiving by the FPA comprises receiving the plurality of sub-images modulated
by the interference fringe pattern at the coinciding focal planes and the localization plane of

the interference fringe pattern.

22, The method of claim 21, further comprising relaying the coinciding focal planes and

the localization plane of the interference fringe pattern to the FPA.
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23.  The method of claim 15, wherein the BPI comprises two prisms rotated 180 degrees

in relation to each other.

24, The method of claim 23, wherein the two prisms are Nomarski prisms each

comprising two uniaxial birefringent crystals wedged together with a wedge angle.

25.  The method of claim 23, wherein the generating of the optical path difference for each
ray of the plurality of sub-images comprises passing each ray through a generating polarizer
before the two prisms, a half-wave plate between the two prisms, and an analyzing polarizer

after the two prisms,

26.  The method of claim 23, wherein the generating of the optical path difference for each
ray of the plurality of sub-images comprises passing each ray through the two prisms that are
truncated to leave only a proportion of the two prisms below or above the symmetry axis of
the two prisms, the proportion determined based on a proportion of interferogram sample

points that are to be used for phase correction.

27.  The method of claim 23, wherein the generating of the optical path difference for each
ray of the plurality of sub-images comprises passing each ray through the two prisms that are

truncated in half such that the thermal image of the sub-images modulated by the interference
fringe pattern corresponds to a single-sided interferogram sample points for the thermal

radiation from the scene.

28.  The method of claim 23, wherein the generating of the optical path difference for each
ray of the plurality of sub-images comprises passing each ray through the two prisms that are
configured with a wedge angle and an optic axis inclination angle that provide a maximum
value of the optical path differences that permits reconstruction of a minimum wavelength to

be imaged by the gas imaging system.
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