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SHORT-WAVE INFRARED SUPER-CONTINUUM LASERS FOR NATURAL GAS LEAK
DETECTION, EXPLORATION, AND OTHER ACTIVE REMOTE SENSING APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional application Serial No.
61/747.,485 filed December 31, 2012, the disclosure of which is hereby incorporated by reference in

its entirety.

[0002] This application is related to U.S. provisional application Serial No. 61,747,472 filed
December 31, 2012; U.S. provisional application Serial Nos. 61/747,477 filed December 31, 2012;
Serial No. 61/747.481 filed December 31, 2012; Serial No. 61/747,487 filed December 31, 2012:
Serial No. 61/747,492 filed December 31, 2012; Serial No. 61/747.553 filed December 31, 2012;
and Serial No. 61/754,698 filed January 21, 2013, the disclosures of which are hereby incorporated

m their entirety by reference herein.

[0003] This application is being filed concurrently with International Application
entitled Near-Infrared Lasers For Non-Invasive Monitoring Of Glucose, Ketones,
HBAIC, And Other Blood Constituents (OMNIOI0OIPCT); International Application
entitled Short-Wave Infrared Super-Continuum Lasers For Early Detection Of
Dental Caries (Attorney Docket No. OMNIO102PCT); U.S. Application entitled

Focused Near-Infrared Lasers For Non-Invasive Vasectomy And Other Thermal Coagulation Or
Occlusion Procedures (Attorney Docket No. OMNIO103PUSP); U.S. Application

entitled Short-Wave Infrared Super-Continuum Lasers For Detecting Counterfeit Or Illicit Drugs
And Pharmaceutical Process Control (Attorney Docket No. OMNIO105PUSP); U.S. Application

entitled Non-Invasive Treatment Of Varicose Veins (Attorney Docket No.
OMNI0106PUSP); and U.S. Application entitled Near-Infrared Super-Continuum
Lasers For Early Detection Of Breast And Other Cancers (Attorney Docket No. OMNI0O107PUSP),

the disclosures of which are hereby incorporated in their entirety by reference herein.
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TECHNICAL FIELD

[0004] This disclosure relates to lasers and light sources for natural gas leak detection,
natural gas exploration, and other active remote sensing or hyper-spectral imaging applications
mcluding systems and methods for using near-infrared or short-wave infrared light sources for

remote detection of natural gas and other active remote sensing applications.
BACKGROUND AND SUMMARY

[0005] Remote sensing or hyper-spectral imaging often uses the sun for illumination, and the
short-wave infrared (SWIR) windows of about 1.5-1.8 microns and about 2-2.5 microns may be
attractive because the atmosphere transmits in these wavelength ranges. Although the sun can be a
bright and stable light source, its illumination may be affected by the time-of-day variations in the
sun angle as well as weather conditions. For example, the sun may be advantageously used for
applications such as hyper-spectral imaging only between about 9am to 3pm, and it may be difficult
to use the sun during cloudy days or during inclement weather. In one embodiment, the hyper-
spectral sensors measure the reflected solar signal at hundreds (e.g., 100 to 200+) contiguous and
narrow wavelength bands (e.g., bandwidth between 5nm and 10nm). Hyper-spectral images may
provide spectral information to identify and distinguish between spectrally similar materials,
providing the ability to make proper distinctions among materials with only subtle signature
differences. In the SWIR wavelength range, numerous gases, liquids and solids have unique
chemical signatures, particularly materials comprising hydro-carbon bonds, O-H bonds, N-H bonds,
etc. Therefore, spectroscopy in the SWIR may be attractive for stand-off or remote sensing of

materials based on their chemical signature, which may complement other imaging information.

[0006] A SWIR super-continium (SC) source may be able to replace at least in part the sun
as an illumination source for active remote sensing, spectroscopy, or hyper-spectral imaging. In one
embodiment, reflected light spectroscopy may be implemented using the SWIR light source, where
the spectral reflectance can be the ratio of reflected energy to incident energy as a function of
wavelength. Reflectance varies with wavelength for most materials because energy at certain

wavelengths may be scattered or absorbed to different degrees. Using a SWIR light source may
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permit 24/7 detection of solids, liquids, or gases based on their chemical signatures. As an example,
natural gas leak detection and exploration may require the detection of methane and ethane, whose
primary constituents include hydro-carbons. In the SWIR, for instance, methane and ethane exhibit
various overtone and combination bands for vibrational and rotational resonances of hydro-carbons.
In one embodiment, diffuse reflection spectroscopy or absorption spectroscopy may be used to
detect the presence of natural gas. The detection system may include a gas filter correlation
radiometer, in a particular embodiment. Also, one embodiment of the SWIR light source may be an
all-fiber integrated SWIR SC source, which leverages the mature technologies from the
telecommunications and fiber optics industry. Beyond natural gas, active remote sensing in the
SWIR may also be used to identify other materials such as vegetation, greenhouse gases or
environmental pollutants, soils and rocks, plastics, illicit drugs, counterfeit drugs, firearms and

explosives, paints, and various building materials.

[0007] In one embodiment, a measurement system includes a light source configured to
generate an output optical beam comprising one or more semiconductor sources configured to
generate an input beam, one or more optical amplifiers configured to receive at least a portion of the
input beam and to deliver an intermediate beam to an output end of the one or more optical
amplifiers, and one or more optical fibers configured to receive at least a portion of the intermediate
beam and to deliver at least the portion of the intermediate beam to a distal end of the one or more
optical fibers to form a first optical beam. A nonlinear element is configured to receive at least a
portion of the first optical beam and to broaden a spectrum associated with the at least a portion of
the first optical beam to at least 10nm through a nonlinear effect in the nonlinear element to form the
output optical beam with an output beam broadened spectrum, wherein at least a portion of the
output beam broadened spectrum comprises a short-wave infrared wavelength between
approximately 1400 nanometers and approximately 2500 nanometers, and wherein at least a portion
of the one of more fibers is a fused silica fiber with a core diameter less than approximately 400
microns. A measurement apparatus is configured to receive a received portion of the output optical
beam and to deliver a delivered portion of the output optical beam to a sample, wherein the delivered
portion of the output optical beam is configured to generate a spectroscopy output beam from the
sample. A receiver is configured to receive at least a portion of the spectroscopy output beam

having a bandwidth of at least 10 nanometers and to process the portion of the spectroscopy output
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beam to generate an output signal, and wherein the light source and the receiver are remote from the

sample, and wherein the output signal is based on a chemical composition of the sample.

[0008] In another embodiment, a measurement system includes a light source configured to
generate an output optical beam comprising a plurality of semiconductor sources configured to
generate an input optical beam, a multiplexer configured to receive at least a portion of the input
optical beam and to form an intermediate optical beam, and one or more fibers configured to receive
at least a portion of the intermediate optical beam and to form the output optical beam, wherein the
output optical beam comprises one or more optical wavelengths. A measurement apparatus is
configured to receive areceived portion of the output optical beam and to deliver a delivered portion
of the output optical beam to a sample, wherein the delivered portion of the output optical beam is
configured to generate a spectroscopy output beam from the sample. A receiver is configured to
receive at least a portion of the spectroscopy output beam and to process the portion of the
spectroscopy output beam to generate an output signal, wherein the light source and the receiver are
remote from the sample, and wherein the output signal is based on a chemical composition of the

sample.

[0009] In yet another embodiment, a method of measuring includes generating an output
optical beam comprising generating an input optical beam from a plurality of semiconductor sources,
multiplexing at least a portion of the input optical beam and forming an intermediate optical beam,
and guiding at least a portion of the intermediate optical beam and forming the output optical beam,
wherein the output optical beam comprises one or more optical wavelengths. The method may also
include receiving a received portion of the output optical beam and delivering a delivered portion of
the output optical beam to a sample located remotely from the generated output optical beam, and
generating a spectroscopy output beam having a bandwidth of at least 10 nanometers from the
sample, wherein the spectroscopy output beam comprises spectral features of hydrocarbons or
organic compounds. The method may further include receiving at least a portion of the spectroscopy
output beam and processing the portion of the spectroscopy output beam and generating an output

signal, wherein the output signal is based on a chemical composition of the sample.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a more complete understanding of the present disclosure, and for further features
and advantages thereof, reference is now made to the following description taken in conjunction

with the accompanying drawings, in which:

[0011] FIGURE 1 illustrates wavelength bands for different chemical compounds over the
SWIR wavelength range of approximately 1400nm to 2500nm. Also indicated are whether the

bands are overtone or combination bands.
[0012] FIGURE 2 shows the absorption spectra for (a) methane and (b) ethane.

[0013] FIGURE 3 illustrates the reflectance spectra for some members of the alkane family

plus paraffin.

[0014] FIGURE 4A depicts that micro-seepages may result from the vertical movement of
hydro-carbons from their respective reservoirs to the surface. It is assumed that the rock column,

including the seal rock, comprises interconnected fractures or micro -fracture systems.

[0015] FIGURE 4B illustrates that surface alterations may occur because leaking hydro-
carbons set up near-surface oxidation and/or reduction zones that favor the development of a diverse

array of chemical and mineralogical changes.

[0016] FIGURE S5A shows the reflectance spectra for locations with natural gas fields (501)

and locations without natural gas fields (502).

[0017] FIGURE 5B illustrates spectra from field tests over regions with natural gas, which
show two spectral features: one near 1.725 microns and another doublet between about 2.311

microns and 2.36 microns.

[0018] FIGURE 6 shows the reflectance spectra of a sample of oil emulsion from the Gulf of
Mexico 2010 oil spill (different thicknesses of oil).
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[0019] FIGURE 7 illustrates the reflectance spectra of some representative minerals that may

be major components of rocks and soils.

[0020] FIGURE 8 shows the reflectance spectra of different types of green vegetation

compared with dry, yellowed grass.

[0021] FIGURE 9 illustrates the atmospheric absorption and scattering of greenhouse gases

at different wavelengths.

[0022] FIGURE 10 overlays the reflectance for different building materials from the ASTER

spectra library.

[0023] FIGURE 11 shows the absorbance for two common plastics, polyethylene and
polystyrene.
[0024] FIGURE 12 shows the experimental set-up for a refiection-spectroscopy based stand-

off detection system.

[0025] FIGURE 13 illustrates the chemical structure and molecular formula for various

explosives, along with the absorbance spectra obtained using a super-continuum source.

[0026] FIGURE 14A shows the reflection spectra for gypsum, pine wood, ammonium nitrate
and urea.
[0027] FIGURE 14B illustrates the reflection spectra for three commercial automotive paints

and military grade CARC paint (chemical agent resistant coating) (reflectance in this case are in

arbitrary units).

[0028] FIGURE 15 shows the mid-wave infrared and long-wave infrared absorption spectra
for various illicit drugs. It is expected that overtone and combination bands should be evident in the

SWIR and near-infrared wavelength bands.

[0029] FIGURE 16A is a schematic diagram of the basic elements of an imaging

spectrometer.
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[0030] FIGURE 16B illustrates one example of a typical imaging spectrometer used in

hyper-spectral imaging systems.

[0031] FIGURE 17 shows one example of a gas-filter correlation radiometer, which is a

detection system that uses a sample of the gas of interest as a spectral filter for the gas.

[0032] FIGURE 18 exemplifies a dual-beam experimental set-up that may be used to

subtract out (or at least minimize the adverse effects of) light source fluctuations.

[0033] FIGURE 19 illustrates a block diagram or building blocks for constructing high

power laser diode assemblies.

[0034] FIGURE 20 shows a platform architecture for different wavelength ranges for an all-

fiber-integrated, high powered, super-continuum light source.

[0035] FIGURE 21 illustrates one preferred embodiment for a short-wave infrared super-

continuum light source.

[0036] FIGURE 22 shows the output spectrum from the SWIR SC laser of FIGURE 2 1 when
about 10m length of fiber for SC generation is used. This fiber is a single-mode, non-dispersion

shifted fiber that is optimized for operation near 1550nm.

[0037] FIGURE 23 illustrates high power SWIR-SC lasers that may generate light between

approximately 1.4-1.8 microns (top) or approximately 2-2.5 microns (bottom).
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0038] As required, detailed embodiments of the present disclosure are described herein;
however, it is to be understood that the disclosed embodiments are merely exemplary of the
disclosure that may be embodied in various and alternative forms. The figures are not necessarily to
scale; some features may be exaggerated or minimized to show details of particular components.
Therefore, specific structural and functional details disclosed herein are not to be interpreted as
limiting, but merely as a representative basis for teaching one skilled in the art to variously employ

the present disclosure.
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[0039] One advantage of optical systems is that they can perform non-contact, stand-off or
remote sensing distance spectroscopy of various materials. For remote sensing particularly, it may
also be necessary to operate in atmospheric transmission windows. For example, two windows in
the SWIR that transmit through the atmosphere are approximately 1.4-1.8 microns and 2-2.5
microns. In general, the near-infrared region of the electromagnetic spectrum covers between
approximately 0.7 microns (700nm) to about 2.5 microns (2500nm). However, it may also be
advantageous to use just the short-wave infrared between approximately 1.4 microns (1400nm) and
about 2.5 microns (2500nm). One reason for preferring the SWIR over the entire NIR may be to
operate in the so-called "eye safe" window, which corresponds to wavelengths longer than about
1400nm. Therefore, for the remainder of the disclosure the SWIR will be used for illustrative
purposes. However, it should be clear that the discussion that follows could also apply to using the

NIR wavelength range, or other wavelength bands.

[0040] In particular, wavelengths in the eye safe window may not transmit down to the retina
of the eye, and therefore, these wavelengths may be less likely to create permanent eye damage from
inadvertent exposure. The near-infrared wavelengths have the potential to be dangerous, because the
eye cannot see the wavelengths (as it can in the visible), yet they can penetrate and cause damage to
the eye. Even if a practitioner is not looking directly at the laser beam, the practitioner's eyes may
receive stray light from a reflection or scattering from some surface. Hence, it can always be a good
practice to use eye protection when working around lasers. Since wavelengths longer than about
1400nm are substantially not transmitted to the retina or substantially absorbed in the retina, this
wavelength range is known as the eye safe window. For wavelengths longer than 1400nm, in

general only the cornea of the eye may receive or absorb the light radiation.

[0041] The SWIR wavelength range may be particularly valuable for identifying materials
based on their chemical composition because the wavelength range comprises overtones and
combination bands for numerous chemical bonds. As an example, FIGURE 1 illustrates some of the
wavelength bands for different chemical compositions. In 100 is plotted wavelength ranges in the
SWIR (between 1400 and 2500nm) for different chemical compounds that have vibrational or
rotational resonances, along with whether the bands are overtone or combination bands. Numerous

hydro-carbons are represented, along with oxygen-hydrogen and carbon-oxygen bonds. Thus, gases,

Page 9 of 72 OMNI 2120 - IPR21-00453



WO 2014/143276 PCT/US2013/075767

liquids and solids that comprise these chemical compounds may exhibit spectral features in the
SWIR wavelength range. In a particular embodiment, the spectra of organic compounds may be
dominated by the C-H stretch. The C-H stretch fundamental occurs near 3.4 microns, the first

overtone is near 1.7 microns, and a combination band occurs near 2.3 microns.

[0042] One embodiment of remote sensing that is used to identify and classify various
materials is so-called "hyper-spectral imaging." Hyper-spectral sensors may collect information as a
set of 1mages, where each 1mage represents a range of wavelengths over a spectral band. Hyper-
spectral imaging may deal with imaging narrow spectral bands over an approximately continuous
spectral range. As an example, in hyper-spectral imaging the sun may be used as the illumination
source, and the daytime illumination may comprise direct solar illumination as well as scattered
solar (skylight), which is caused by the presence of the atmosphere. However, the sun illumination
changes with time of day, clouds or inclement weather may block the sun light, and the sun light is
not accessible in the night time. Therefore, it would be advantageous to have a broadband light
source covering the SWIR that may be used in place of the sun to identify or classify materials n

remote sensing or stand-off detection applications.

[0043] As used throughout this document, the term "couple" and or "coupled" refers to any
direct or indirect communication between two or more elements, whether or not those elements are
physically connected to one another. As used throughout this disclosure, the term "spectroscopy”
means that a tissue or sample is inspected by comparing different features, such as wavelength (or
frequency), spatial location, transmission, absorption, reflectivity, scattering, refractive index, or
opacity. In one embodiment, "spectroscopy" may mean that the wavelength of the light source is
varied, and the transmission, absorption or reflectivity of the tissue or sample is measured as a
function of wavelength. In another embodiment, "spectroscopy” may mean that the wavelength
dependence of the transmission, absorption or reflectivity is compared between different spatial
locations on a tissue or sample. As an illustration, the "spectroscopy” may be performed by varying
the wavelength of the light source, or by using a broadband light source and analyzing the signal

using a spectrometer, wavemeter, or optical spectrum analyzer.

[0044] As used throughout this document, the term "fiber laser" refers to a laser or oscillator

that has as an output light or an optical beam, wherein at least a part of the laser comprises an optical

9
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fiber. For instance, the fiber in the "fiber laser" may comprise one of or a combination of a single
mode fiber, a multi-mode fiber, a mid-infrared fiber, a photonic crystal fiber, a doped fiber, a gain
fiber, or, more generally, an approximately cylindrically shaped waveguide or light-pipe. In one
embodiment, the gain fiber may be doped with rare earth material, such as ytterbium, erbium, and/or
thulium. In another embodiment, the mid-infrared fiber may comprise one or a combination of
fluoride fiber, ZBLAN fiber, chalcogenide fiber, tellurite fiber, or germanium doped fiber. In yet
another embodiment, the single mode fiber may include standard single-mode fiber, dispersion

shifted fiber, non-zero dispersion shifted fiber, high-nonlinearity fiber, and small core size fibers.

[0045] As used throughout this disclosure, the term "pump laser" refers to a laser or
oscillator that has as an output light or an optical beam, wherein the output light or optical beam is
coupled to a gain medium to excite the gain medium, which in turn may amplify another input
optical signal or beam. In one particular example, the gain medium may be a doped fiber, such as a
fiber doped with ytterbium, erbium and/or thulium. In one embodiment, the "pump laser" may be a
fiber laser, a solid state laser, a laser involving a nonlinear crystal, an optical parametric oscillator, a
semiconductor laser, or a plurality of semiconductor lasers that may be multiplexed together. In
another embodiment, the "pump laser" may be coupled to the gain medium by using a fiber coupler,
a dichroic mirror, a multiplexer, a wavelength division multiplexer, a grating, or a fused fiber

coupler.

[0046] As wused throughout this document, the term "super-continuum" and or
"supercontinuum" and or "SC" refers to a broadband light beam or output that comprises a plurality
of wavelengths. In a particular example, the plurality of wavelengths may be adjacent to one-
another, so that the spectrum of the light beam or output appears as a continuous band when
measured with a spectrometer. In one embodiment, the broadband light beam may have a bandwidth
of at least 1Onm. In another embodiment, the "super-continuum" may be generated through
nonlinear optical interactions in a medium, such as an optical fiber or nonlinear crystal. For
example, the "super-continuum" may be generated through one or a combination of nonlinear
activities such as four-wave mixing, parametric amplification, the Raman effect, modulational

instability, and self-phase modulation.

10

Page 11 of 72 OMNI 2120 - IPR21-00453



WO 2014/143276 PCT/US2013/075767

[0047] As used throughout this disclosure, the terms "optical light" and or "optical beam"
and or "light beam" refer to photons or light transmitted to a particular location in space. The
"optical light" and or "optical beam" and or "light beam" may be modulated or unmodulated, which
also means that they may or may not contain information. In one embodiment, the "optical light"
and or "optical beam" and or "light beam" may originate from a fiber, a fiber laser, a laser, a light

emitting diode, a lamp, a pump laser, or a light source.

[0048] As used throughout this disclosure, the term "remote sensing" may include the
measuring of properties of an object from a distance, without physically sampling the object, for
example by detection of the interactions of the object with an electromagnetic field. In one
embodiment, the electromagnetic field may be in the optical wavelength range, including the
infrared or SWIR. One particular form of remote sensing may be stand-off detection, which may

range from non-contact up to hundreds of meters away, for example.
REMOTE SENSING OF NATURAL GAS LEAKS

[0049] Natural gas may be a hydro-carbon gas mixture comprising primarily methane, with
other hydro-carbons, carbon dioxide, nitrogen and hydrogen sulfide. Natural gas is important
because it is an important energy source to provide heating and electricity. Moreover, it may also be
used as fuel for vehicles and as a chemical feedstock in the manufacture of plastics and other
commercially important organic chemicals. Although methane is the primary component of natural
gas, to uniquely identify natural gas through spectroscopy requires monitoring of both methane and
ethane. If only methane is used, then areas like cow pastures could be mistaken for natural gas fields

or leaks. More specifically, the typical composition of natural gas is as follows:

11
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Component Rangeimole %)
Methane 87.0-96.0
Ethane 1.5-5.1
Propane 0.1-1.5
Iso-butane 0.01-0.3
Normal-butane 0.01-0.3
Iso-pentane Trace-0.14
Normal-pentane Trace-0.04
Hexanes plus Trace-0.06
Nitrogen 0.7-5.6
Carbon dioxide 0.1-1.0
Oxygen 0.01-0.1
Hydrogen Trace-0.02

[0050] As one example of remote sensing of natural gas, a helicopter or aircraft may be
flown at some elevation. The light source for remote sensing may direct the light beam toward the
ground, and the diffuse reflected light may then be measured using a detection system on the aircraft.
Thus, the helicopter or aircraft may be sampling a column area below it for natural gas, or whatever
the material of interest is. In yet another embodiment, the column may sense aerosols of various
sorts, as an example. Various kinds of SWIR light sources will be discussed later in this disclosure.
The detection system may comprise, in one embodiment, a spectrometer followed by one or more
detectors. In another embodiment, the detection system may be a dispersive element (examples
include prisms, gratings, or other wavelength separators) followed by one or more detectors or
detector arrays. In yet another embodiment, the detection system may comprise a gas-filter
correlation radiometer.  These are merely specific examples of the detection system, but
combinations of these or other detection systems may also be used and are contemplated within the
scope of this disclosure. Also, the use of aircraft is one particular example of a remote sensing
system, but other system configurations may also be used and are included in the scope of this
disclosure. For example, the light source and detection system may be placed in a fixed location,
and for reflection the light source and detectors may be close to one another, while for transmission
the light source and detectors may be at different locations. In yet another embodiment, the system
could be placed on a vehicle such as an automobile or a truck, or the light source could be placed on

one vehicle, while the detection system is on another vehicle. If the light source and detection
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system are compact and lightweight, they might even be carried by a person in the field, either in

their hands or in a backpack.

[0051] Both methane and ethane are hydro-carbons with unique spectral signatures. For
example, ethane is C,n6, while methane is CH,. Also, methane and ethane have infrared absorption
bands near 1.6 microns, 2.4 microns, 3.3 microns and 7 microns. It should be noted that the
approximately 7 micron lines cannot be observed generally due to atmospheric absorption.
Although the fundamental lines near 3.3 microns are stronger absorption features, the light sources
and detectors in the mid-infrared may be more difficult to implement. Hence, the focus here is on

observing the SWIR lines that fall in atmospheric transparency windows.

[0052] FIGURE 2 illustrates the absorption spectra for methane (FIGURE 2A) and ethane
(FIGURE 2B) (from http://vpl.astro.washington.edw/spectra). The curves 200 plot on a linear scale
the absorption cross-section versus wavelength (in microns) for various methane lines. The curve
201 covers the wavelength range between approximately 1.5-16 microns, while the curves below
provide blown-up views of different wavelength ranges (202 for approximately 1.62-1.7 microns,
203 for approximately 1.7-1.84 microns, 204 for approximately 2.15-2.45 microns, and 205 for
approximately 2.45-2.65 microns). The curves 202 and 203 fall within about the first SWIR
atmospheric transmission window between approximately 1.4-1.8 microns, while the curves 204 and
205 fall within the second SWIR atmospheric transmission window between approximately 2-2.5
microns. As can be seen, there are numerous spectral features for identifying methane i the SWIR.
In addition, there are even stronger features near 3.4-3.6 microns and around 7-8 microns, although

these require different light sources and detection systems.

[0053] FIGURE 2B illustrates the absorption spectra for ethane. The curves 250 plot on a
linear scale the absorption cross-section versus wavelength (in microns) for various ethane lines.
The curve 251 covers the wavelength range between approximately 1.5-16 microns, while the curve
252 expands the scale between about 1.6-3.2 microns. The features 253 fall within about the first
SWIR atmospheric transmission window between approximately 1.4-1.8 microns, while the features
254 and 255 fall within the second SWIR atmospheric transmission window between approximately
2-2.5 microns. There are distinct spectral features for identifying ethane as well in the SWIR. In

addition, there are even stronger features near 3.4-3.6 microns and around 7 microns.
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[0054] For detecting natural gas leaks, a SWIR light source and a detection system could be
used in transmission or reflection. The area surrounding the source or natural gas pipeline may be
surveyed, and the detection system may monitor the methane and ethane concentration, or even the
presence of these two gases. The region may be scanned to cover an area larger than the laser beam.
Also, if a certain quantity of natural gas is detected, an alarm may be set-off to alert the operator or
people nearby. This is just one example of the natural gas leak detection, but other configurations

and techniques may be used and are intended to be covered by this disclosure.

[0055] Natural gas leak detection is one example where active remote sensing or hyper-
spectral imaging can be used to detect hydro-carbons or organic compounds. However, there are
many other examples where the technique may be used to perform reflectance spectroscopy of
organic compounds, and these are also intended to be covered by this disclosure. In one particular
embodiment, alkanes may be detected, where alkanes are hydro-carbon molecules comprising single
carbon-carbon bonds. Alkanes have the general formula C,H2,+2 and are open chain, aliphatic or
non-cyclic molecules. Below are examples of some of the alkanes, which include methane and

ethane, as well as more complicated compounds.
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[0056] FIGURE 3 illustrates the reflectance spectra 300 for some members of the alkane
family plus paraffin. The vertical lines indicate positions of constant wavelength and are aligned
with apparent absorptions in the methane spectrum at 1.19, 1.67, 2.32. 3.1. 4.23 and 4.99 microns.
The spectra ore offset to enable easier viewing, and the offsets are of the following amounts: 301
methane 4.1; 302 ethane 3.6; 303 propane 3.3: 304 butane 2.8; 305 pentane 2.3; 306 hexane 2.0; 307
heptane 1.5; 308 octane 1.2; 309 nonane 0.85; 310 decane 0.4; and 311 paraffin 0.05. The
reflectance of alkanes in the near-infrared may be dominated by absorptions due to combinations and
overtones of bands at longer wavelengths. Although this wavelength range is mostly unexplored by
organic spectroscopists, the near-infrared may be valuable for terrestrial and planetary remote
sensing studies. Alkanes may have the fundamental absorptions due to a variety of C-H stretches
between approximately 3.3-3.5 microns. The first overtone may be a relatively deep triplet near 1.7
microns. This triplet appears in most of the series, but the exact wavelength position may move.
Another absorption band may be present near 1.2 microns, and this is likely the second overtone of

the C-H stretch. The third C-H stretch overtone 1is near 0.9 microns. There is yet another near-
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infrared feature near 1.396 microns, which may correspond to the combinations of the first overtone
of the C-H stretch with each of the two C-H band positions at approximately 1.35 microns and 1.37
microns. Moreover, there may be complex absorptions between 2.2-2.5 microns. For example,
there may be a number of narrow individual absorption bands atop an overall absorption suite about
0.3 microns wide. A few absorption lines retain their location for most of the series 300, notably the
2.311 micron and 2.355 micron absorptions. This wavelength window may have multiple
combinations and overtones, including contributions from the C-H stretch, C% asymmetric bend

combination, and C-H stretch/CH ; symmetric bend combination.
REMOTE SENSING FOR NATURAL GAS EXPLORATION

[0057] In addition to remote sensing to detect natural gas leaks, the same or similar system
could also be used to explore for natural gas fields, whether under land or under water. Whereas a
natural gas leak from a pipeline or building may be above the ground or only a few meters below the
ground, natural gas exploration may occur for gas and oil that are much further below the ground, or
under the water in a bay, lake, sea or ocean. For example, the exploration for natural gas and oil
may be performed by determining the reflectance spectra of surface anomalies. The surface
manifestations of oil and gas reservoirs may be used to map the petroleum potential of an area,
particularly related to the seepage of oil and gas to the surface along faults or imperfect reservoir
seals. The visible products of such seepage (e.g., oil and tar deposits) are generally referred to as

macro-seeps, whereas the invisible gaseous products may be referred to as micro-seeps.

[0058] As illustrated by 400 in FIGURE 4, micro-seepages may result from the vertical
movement of hydrocarbons 401 from their respective reservoirs to the surface. These hydrocarbon
micro-seepages involve buoyant, relatively rapid, vertical ascent of ultra-small bubbles of light
hydrocarbons (primarily methane through the butanes) through a network of interconnected,
groundwater-filled joints and bedding planes (401). One of the assumptions required for micro-
seepage to occur is that a rock column, including the seal rock, comprises extensive interconnected

fractures or micro-fracture systems.
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[0059] Direct detection methods may involve measurements of hydrocarbons, either in the
form of oil accumulations or concentrations of escaping vapors, such as methane through butane. In
addition, there are also indirect methods that may involve the measurement of secondary alternations
that arise from the seepage of the hydrocarbons. For instance, hydrocarbon-induced alterations may
include microbial anomalies, mineralogical changes, bleaching of red beds, clay mineral alterations,
and electrochemical changes. These alterations occur because leaking hydrocarbons set up near-
surface oxidation and/or reduction zones that favor the development of a diverse array of chemical
and mineralogical changes, c.f 402 in FIGURE 4. Such alterations 402 may be distinct from

adjacent rocks and, thus, may in some instance be detectable by various remote sensing techniques.

[0060] The diagnostic spectral features of methane and crude oil may comprise four distinct
hydrocarbon absorption bands. For example, two bands near 1.18 microns and 1.38 microns may be
narrow and sharply defined, although they may also be fairly weak. The other two spectral features
may be near 1.68-1.72 microns and 2.3-2.45 microns; these bands may be broader, but they are also
stronger than the previous two bands. The bands near 1.7 microns and 2.3 microns are spectral
overtones or combinations of C-H vibrational modes. Moreover, hydrocarbon induced alterations
associated with indirect detection may express themselves in a variety of spectral changes, such as
mineralogical changes (calcium carbonate mineralization, near 2.35 microns), bleaching of red beds

(near 1micron), and clay minerals alterations (near 2.2 microns), among other changes.

[0061] Various field tests have been conducted that verify the spectral signatures associated
with natural gas fields, either land-based or water-based (e.g., in bays). In one example shown in
FIGURE S5A, the reflectance spectra 500 was collected for different locations between
approximately 2 microns and 2.4 microns. In 501 the reflectance is plotted versus wavelength for
locations with gas fields, while in 502 the reflectance is plotted for locations without gas fields. The
macroscopic features of the reflectance spectra of surface soils show two broad absorption bands
near 2.2 microns and 2.33 microns with complex shapes. The slightly positive slope in the region of
2.3-2.4 microns with natural gas suggests that hydrocarbons are overriding the spectral signature of

clays in this region.

[0062] In yet another embodiment, field tests were conducted over a wider spectra range

from approximately 0.5 microns to 2.5 microns (FIGURE 5B). As the curve 550 illustrates, two
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absorption features are found for the hydrocarbon spectral reflectance curve: one near 1.725
microns 551 and a double absorption at approximately 2.31 1-2.36 microns 552. Thus, in these two
field trial examples, oil-gas reservoir areas were identifiable using feature bands of 1650-1750nm
and 2000-2400nm. In addition, the remote sensing method may be used for off-shore oil and gas

exploration and marine pollution investigation, to name just a few examples.

OTHER USES OF ACTIVE REMOTE SENSING OR HYPERSPECTRAL IMAGING

[0063] Active and/or hyper-spectral remote sensing may be used in a wide array of
applications. Although originally developed for mining and geology (the ability of spectral imaging
to identify various minerals may be ideal for the mining and oil industries, where it can be used to
look for ore and oil), hyper-spectral remote sensing has spread to fields as diverse as ecology and
surveillance. The table below illustrates some of the applications that can benefit from hyper-

spectral remote sensing.

Atmosphere water vapor, cloud properties, aerosols
Ecology chlorophyll, leaf water, cellulose, pigments, lignin
Geology mineral and soil types
Coastal Waters chlorophyll, phytoplankton, dissolved organic materials,
suspended sediments
Snow/lce snow cover fraction, grainsize, melting
Biomass Burning subpixel temperatures, smoke
Commercial mineral (o0il) exploration, agriculture and forest production
[0064] In one embodiment, near-infrared imaging spectroscopy data may be used to create

qualitative images of thick oil or oil spills on water. This may provide a rapid remote sensing
method to map the locations of thick parts of an oil spill. While color imagery may show locations
of thick oil, it is difficult to assess relative thickness or volume with just color imagery. As an
example, FIGURE 6 illustrates the reflectance spectra 600 of a sample of oil emulsion from the Gulf
of Mexico 2010 oil spill. Curve 601 is a 4mm thickness of oil, while curve 602 is a 0.5mm
thickness. Whereas the data in the visible hardly changes with oil thickness, in the near-infrared the
change in reflectance spectra is much more dependent on the oil thickness. The data shows, for

example, the C-H features near 1.2 microns 603, 1.73 microns 604, and 2.3 microns 605. Thus, in
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the infrared wavelengths, both the reflectance levels and absorption features due to organic

compounds may vary in strength with oil thickness.

[0065] Remote sensing may also be used for geology and mineralogy mapping or inspection.
FIGURE 7 shows the reflectance spectra 700 for some representative minerals that are major
components of rocks and soils. In inorganic materials such as minerals, chemical composition and
crystalline structure may control the shape of the spectral curve and the locations of absorption
bands. Wavelength-specific absorption may arise from particular chemical elements or ions and the
geometry of chemical bonds between elements, which is related to the crystal structure. In hematite
701, the strong absorption in the visible may be caused by ferric iron. In calcite 705, the carbonate
1on may be responsible for the series of absorption bands between 1.8 and 2.4 microns. Kaolinite
704 and montmorillonite 702 are clay minerals common in soils. The strong absorption near 1.4
microns in both spectra, along with a weak 1.9 micron band in kaolinite arise from the hydroxide
ions, while the stronger 1.9 micron band in montmorillonite may be caused by bound water
molecules mn the hydrous clay. In contrast to these spectra, orthoclase feldspar 703, a dominant

mineral m granite, shows very little absorption features in the visible or infrared.

[0066] Remote sensing or hyper-spectral imaging may also be used for agriculture as well as
vegetation monitoring. For example, hyper-spectral data may be used to detect the chemical
composition of plants, which can be used to detect the nutrient and water status of crops. FIGURE 8
illustrates the reflectance spectra 800 of different types of green vegetation compared with dry,
yellowed grass. In the visible spectra, the shape may be determined by absorption effects from
chlorophyll and other leaf pigments. The reflectance rises rapidly across the boundary between red
and infrared wavelengths, which may be due to interactions with the internal cellular structure of
leaves. Leaf structure may vary significantly between plant species, as well as from plant stress.
Beyond 1.3 microns the reflectance decreases with increasing wavelength, except for two water
absorption bands near 1.4 microns and 1.9 microns. Illustrated in FIGURE 8 are the reflectance for
green grass 801, walnut tree canopy 802, fir tree 803 and senescent 804, which is dry, yellowed

grass.

[0067] Active remote sensing may also be used to measure or monitor gases in the earth's

atmosphere, including greenhouse gases, environmental pollutants and aerosols. For instance,
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greenhouse gases are those that can absorb and emit infrared radiation: In order, the most abundant
greenhouse gasses in the Earth's atmosphere are: water vapor (H,0), carbon dioxide (CO ).
methane (CH,), nitrous oxide (N»0) and ozone (0 ;). FIGURE 9 shows the atmospheric absorption
and scattering of greenhouse gases 900 at different wavelengths. Included in this figure are the total
absorption and scattering 901, along with the breakdown by major components: water vapor 902,
carbon dioxide 903, oxygen and ozone 904, methane 905, and nitrous oxide 906. Also shown is the
Rayleigh scattering 907 through the atmosphere, which dominates at shorter wavelengths,
particularly wavelengths shorter than about 1 micron. In one embodiment, environmental concerns
of climate change have led to the need to monitor the level of carbon dioxide in the atmosphere, and
this may be achieved, for example, by performing spectroscopy in the vicinity of 1.6 microns and 2

microns.

[0068] In yet another embodiment, different building materials may be identified and
distinguished from surrounding vegetation and forestry. FIGURE 10 overlays different reflectance
data 1000 for samples cataloged in the ASTER spectra library (http://speclib.jpl.nasa.gov). This
library has been made available by NASA as part of the Advanced Spaceborne Thermal Emission
and Reflection Radiometer, ASTER, imaging instrumentation program. Included in this and other
libraries are reflection spectra of natural and man-made materials, including minerals, rocks, soils,
water and snow. In FIGURE 10 several spectra are included over the SWIR atmospheric
transmission bands, and the water absorption between approximately 1.8 and 2 microns has been
blocked out (features in there are either due to water or would be masked by the atmospheric
moisture). Included in the graph are the spectra for silver metallic paint 1001, light brown loamy
sand 1002, construction concrete-1 1003, construction concrete-cement 1004, gypsum 1005,
asphaltic concrete 1006, construction concrete-bridges 1007, grass 1008 and conifer trees 1009. As
an example, active remote sensing can be used to distinguish different concrete structures, including
roadways, buildings, and reinforced structures such as bridges. Also, building materials such as
gypsum, painted structures, plywood, and concrete of various sorts, may be distinguished from plant
life, soil and trees. Thus, beyond three dimensional imaging, this can add a fourth dimension -

namely, identification of objects based on their chemical signature.
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[0069] In a further embodiment, remote sensing or hyper-spectral imaging might be used for
process control in a factory or manufacturing setting, particularly when the measurements are to be
made at some stand-off or remote distance. As an example, plastics show distinct signatures in the
SWIR, and process control may be used for monitoring the manufacture of plastics. Alternately,
SWIR light could be used to see through plastics, since the signature for plastics can be subtracted
off and there are large wavelength windows where the plastics are transparent. FIGURE 11
illustrates the absorbance 1100 for two common plastics: polyethylene 1101 and polystyrene 1102.
Because of the hydro-carbon bonds, there are absorption features near 1.7 microns and 2.2-2.5
microns (c.f, discussion on alkanes). In general, the absorption bands in the near infrared are due to
overtones and combination bands for various functional group vibrations, including signals from C-
H, O-H, C=0, N-H, -COOH, and aromatic C-H groups. It may be difficult to assign an absorption
band to a specific functional group due to overlapping of several combinations and overtones.
However, with advancements in computational power and chemometrics or multivariate analysis
methods, complex systems may be better analyzed. In one embodiment, using software analysis
tools the absorption spectrum may be converted to its second derivative equivalent. The spectral
differences may permit a fast, accurate, non-destructive and reliable identification of materials.
Although particular derivatives are discussed, other mathematical manipulations may be used in the

analysis, and these other techniques are also intended to be covered by this disclosure.

[0070] In another specific embodiment, experiments have been performed for stand-off
detection of solid targets with diffuse reflection spectroscopy using a fiber-based super-continuum
source (further described herein). In particular, the diffuse reflection spectrum of solid samples such
as explosives (TNT, RDX, PETN), fertilizers (ammonium nitrate, urea), and paints (automotive and
military grade) have been measured at stand-off distances of 5m. Although the measurements were
done at 5m, calculations show that the distance could be anywhere from a few meters to over 150m.
These are specific samples that have been tested, but more generally other materials (particularly
comprising hydro-carbons) could also be tested and identified using similar methods. The
experimental set-up 1200 for the reflection- spectroscopy-based stand-off detection system is shown
in FIGURE 12, while details of the SC source 1201 are described later in this disclosure (c.f.
FIGURES 20,21, and 23). First, the diverging SC output is collimated to a 1 cm diameter beam

using a 25 mm focal length, 90 degrees off-axis, gold coated, parabolic mirror 1202. To reduce the

21

Page 22 of 72 OMNI 2120 - IPR21-00453



WO 2014/143276 PCT/US2013/075767

effects of chromatic aberration, refractive optics are avoided in the setup. All focusing and
collimation is done using metallic mirrors that have almost constant reflectivity and focal length over
the entire SC output spectrum. The sample 1204 is kept at a distance of 5Sm from the collimating
mirror 1202, which corresponds to a total round trip path length of 10m before reaching the
collection optics 1205. A 12cm diameter silver coated concave mirror 1205 with a 75cm focal length
is kept 20cm to the side of the collimation mirror 1202. The mirror 1205 is used to collect a fraction
of the diffusely reflected light from the sample, and focus it into the input slit of a monochromator
1206. Thus, the beam is incident normally on the sample 1204, but detected at a reflection angle of
tan-1(0.2/5) or about 2.3 degrees. Appropriate long wavelength pass filters mounted in a motorized
rotating filter wheel are placed in the beam path before the input slit 1206 to avoid contribution from
higher wavelength orders from the grating (300 grooves/mm, 2pun blaze). The output slit width is set
to 2mm corresponding to a spectral resolution of 10.8nm, and the light is detected by a 2mm x 2mm
liquid nitrogen cooled (77K) indium antimonide (InSb) detector 1207. The detected output is
amplified using a trans-impedance pre-amp lifter 1207 with a gain of about 105V/A and connected to
a lock-in amplifier 1208 setup for high sensitivity detection. The chopper frequency is 400Hz, and
the lock-in time constant is set to 100ms corresponding to a noise bandwidth of about IHz. These
are exemplary elements and parameter values, but other or different optical elements may be used

consistent with this disclosure.

[0071] Three sets of solid samples are chosen to demonstrate the stand-off diffuse reflection
spectra measurement in the laboratory. The first set comprises 'Non-hazardous Explosives for
Security Training and Testing' (NESTT) manufactured by the XM Division of VanAken
International. These samples contain small amounts of explosives deposited on an inert fused silica
powder substrate. The experiments are conduced with the following samples - trinitrotoluene (TNT),
research department explosive (RDX), Pentaerythritol tetranitrate (PETN), and potassium nitrate.
The TNT, RDX and potassium nitrate NESTT samples have 8% (by weight) explosives, while the
PETN sample has 4%.

[0072] The second sample set consists of ammonium nitrate, urea, gypsum, and pinewood.
Ammonium nitrate and urea are common fertilizers, but are also often used as explosives. These

samples are ground to a fine powder in a mortar and pestle, and filled to a depth of about Smm in a
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shallow glass container. We also measure the reflection spectrum of a 10cm diameter x 0.5cm thick
Gypsum (CaS0 ,.2H20) disk and a Scm X Scm X 0.5m piece of pine wood, since these samples are

relevant for the remote sensing community (minerals and vegetation).

[0073] The final set of samples is selected to distinguish between commercial automotive
and military vehicle paints based on their reflection signatures. Red, black, and green acrylic based
spray paints are obtained from an auto supply store and sprayed 3 coats on different areas of a
sanded Aluminum block to make the automotive paint samples. The sample of the military paint

consisted of an Aluminum block coated with a chemical agent resistant coating (CARC) green paint.

[0074] The chemical structure and molecular formula of the 4 NESTT samples are shown in
FIGURE 13 (1301, 1302, 1303, 1304), while the absorbance spectra obtained using the SC source
are shown below in the same figure (1305, 1306, 1307, 1308). For each sample, the positions of the
strongest/unique peaks have been labeled for clarity. TNT 1301, 1305 belongs to a class of
compounds known as nitro-aromatics, in which the carbon directly attached to the nitro (NO ,) group
is part of an aromatic ring. The strongest peaks in the spectrum observed at 3230nm and 3270nm are
due to the fundamental C-H stretching vibrations in the aromatic ring. There are also features
between 2200-2600nm, which may arise from the combination between the C-H stretch and C-H
bend vibrations. RDX 1302, 1306 belongs to the nitramines class containing the N-NO , bond and
also has multiple features in the 3200-3500nm band due to the C-H stretch vibrations. This spectrum
also contains the C-H combination bands from 2200-2600nm. PETN 1303, 1307 is classified as a
nitrate ester containing the C-0-NO , bond, and its reflection spectrum is characterized by a triplet of
peaks at 3310nm, 3350nm and 3440nm due to the C-H stretch vibration from the aliphatic groups.
The C-H combination band is also present from 2200-2600nm. Potassium nitrate 1304, 1308 being
an inorganic compound does not contain any absorption features due to the C-H bond present in the
other three samples. Instead, the unique spectral feature for this sample is a pair of peaks at 3590nm
and 3650nm, which arise due to the first overtone of the asymmetric N-O stretching vibration of the

nitrate ion (NO3").

[0075] FIGURE 14A illustrates the reflection spectra 1400 for gypsum 1401, pinewood

1402, ammonium nitrate 1403 and urea 1404. The predominant spectral features in the gypsum
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1401 (CaSO0 ,-2H,0 ) reflectance occur due to the fundamental as well as combination bands of the
water molecule near 1450nm, 1750nm, 1940nm and 2860nm. In addition, small dips in the spectrum
at 2220, 2260 and 2480nm which arise due to the first overtone of the S-0 bending vibration.
Moreover, the valley at 3970nm occurs due to the first overtone of the -O-S-0 stretching vibration
of the sulfate (SO 42') ion. The pine wood spectrum 1402 comprises of bands due to its main
constituents - cellulose, lignin and water. The valleys at 1450nm, 1920nm and 2860nm are
attributed to water. The dip at 2100nm is due to the first overtone of the C-0 asymmetric stretch, the
one at 2270 nm due to the combination band of O-H and C-H, and the one at 2490nm due to
combination band of C-H and C-O. Finally, the broad feature around 3450nm is due to the C-H
stretching vibration. The ammonium nitrate (NH ;N O;) spectrum 1403 has three prominent features
in the near-IR region. The dip at 1270nm is due to the combination of N-H stretching and N-H
bending vibrations, while the dip at 1570nm is due to the first overtone of N-H stretch. The doublet
at 2050nm and 2140nm is possibly due to the second overtone of the N-H bending vibrations, while
the fundamental N-H stretch appears as a broad feature around 3000 nm. Urea (NH;),CO 1404 has
two amide (-NH;) groups joined by a carbonyl (C=0) functional group. The absorption line at
1490nm occurs due to the third overtone of the C=0 stretching vibration while the line at 1990nm is

due to the second overtone of the same.

[0076] FIGURE 14B shows the reflection spectra 1450 for three commercial automotive
paints 1451, 1452, 1453 and military grade CARC (chemical agent resistant coating) paint 1454. The
paints consist of a complex mixture of many different chemicals, and, hence, it is very difficult to
identify individual absorption lines. Since all four paints contain a variety of organic compounds,
features are observed between 3200-3500nm from the C-H stretch and from 2200-2600nm due to the
C-H stretch and C-H bond combination band. However, the primary difference between the
automotive 1451, 1452, 1453 and CARC paint 1454 is the presence of a strong dip between 1200-
1850nm in the latter, which might be attributed to the absorption from Cobalt chromite - a green

pigment found in CARC-green.

[0077] Thus, FIGURES 13 and 14 show that various materials, including explosives,
fertilizers, vegetation, and paints have features in the near-infrared and SWIR that can be used to

identify the various samples. Although stronger features are found in the mid-infrared, the near-
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infrared may be easier to measure due to higher quality detection systems, more mature fiber optics
and light sources, and transmission through atmospheric transmission windows. Because of these
distinct spectral signatures, these materials could also be detected using active remote sensing or
hyper-spectral imaging, as described in this disclosure. These are just particular samples that have
been tested at stand-off distances, but other materials and samples may also be identified using the
SWIR remote sensing or hyper-spectral imaging methods, and these samples are also intended to be
covered within this disclosure. Asjust another example, illicit drugs may be detectable using remote
sensing or hyper-spectral imaging. FIGURE 15 shows the mid-wave infrared and long-wave
infrared absorption spectra 1500 for various illicit drugs. The absorbance for cocaine 1501,
methamphetamine 1502, MDMA (ecstasy) 1503, and heroin 1504 are plotted versus wavelength
from approximately 2.5-20 microns. Although the fundamental resonances for these drugs may lie
in the longer wavelength regions, there are corresponding overtones and combination bands in the
SWIR and near-infrared wavelength range. Therefore, the active remote sensing or hyper-spectral
imaging techniques described herein may also be applicable to detecting illicit drugs from aircraft,

vehicles, or hand held devices.
DETECTION SYSTEMS

[0078] As discussed earlier, the active remote sensing system or hyper-spectral imaging
system may be on an airborne platform, mounted on a vehicle, a stationary transmission or reflection
set-up, or even held by a human for a compact system. For such a system, there are fundamentally
two hardware parts: the transmitter or light source and the detection system. Between the two,
perhaps in a transmission or reflection setting, may be the sample being tested or measured.
Moreover, the output from the detection system may go to a computational system, comprising
computers or other processing equipment. The output from the computational system may be
displayed graphically as well as with numerical tables and perhaps an identification of the material
composition. These are just some of the parts of the systems, but other elements may be added or be

eliminated, and these modified configurations are also intended to be covered by this disclosure.

[0079] By use of an active illuminator, a number of advantages may be achieved. First, the

variations due to sunlight and time-of-day may be factored out. The effects of the weather, such as
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clouds and rain, might also be reduced. Also, higher signal-to-noise ratios may be achieved. For
example, one way to improve the signal-to-noise ratio would be to use modulation and lock-in
techniques. In one embodiment, the light source may be modulated, and then the detection system
would be synchronized with the light source. In a particular embodiment, the techniques from lock-
in detection may be used, where narrow band filtering around the modulation frequency may be used
to reject noise outside the modulation frequency. In an alternate embodiment, change detection
schemes may be used, where the detection system captures the signal with the light source on and
with the light source off. Again, for this system the light source may be modulated. Then, the signal
with and without the light source is differenced. This may enable the sun light changes to be
subtracted out. In addition, change detection may help to identify objects that change in the field of

view. In the following some exemplary detection systems are described.

[0080] In one embodiment, a SWIR camera or infrared camera system may be used to
capture the images. The camera may include one or more lenses on the input, which may be
adjustable. The focal plane assemblies may be made from mercury cadmium telluride material
(HgCdTe), and the detectors may also include thermo-electric coolers. Alternately, the image
sensors may be made from indium gallium arsenide (InGaAs), and CMOS transistors may be
connected to each pixel of the InGaAs photodiode array. The camera may interface wirelessly or
with a cable (e.g., USB, Ethernet cable, or fiber optics cable) to a computer or tablet or smart phone,
where the images may be captured and processed. These are a few examples of infrared cameras,

but other SWIR or infrared cameras may be used and are intended to be covered by this disclosure.

[0081] In another embodiment, an imaging spectrometer may be used to detect the light
received from the sample. For example, FIGURE 16A shows a schematic diagram 1600 of the basic
elements of an imaging spectrometer. The input light 1601 from the sample may first be directed by
a scanning mirror and/or other optics 1602. An optical dispersing element 1603, such as a grating or
prism, in the spectrometer may split the light into many narrow, adjacent wavelength bands, which
may then be passed through imaging optics 1604 onto one or more detectors or detector arrays 1605.

Some sensors may use multiple detector arrays to measure hundreds of narrow wavelength bands.

[0082] An example of a typical imaging spectrometer 1650 used in hyper-spectral imaging

systems is illustrated in FIGURE 16B. In this particular embodiment, the input light may be directed
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first by a tunable mirror 1651. A front lens 1652 may be placed before the entrance slit 1653 and the
collector lens 1654. In this embodiment, the dispersing element is a holographic grating with a
prism 1655, which separates the different wavelength bands. Then, a camera lens 1656 may be used

to image the wavelengths onto a detector or camera 1657.

[0083] FIGURES 16A and 16B provide particular examples, but some of the elements may
not be used, or other elements may be added, and these embodiments are also intended to be covered
by this disclosure. For instance, a scanning spectrometer may be used before the detector, where a
grating or dispersive element is scanned to vary the wavelength being measured by the detector. In
yet another embodiment, filters may be used before one or more detectors to select the wavelengths
or wavelength bands to be measured. This may be particularly useful if only a few bands or
wavelengths are to be measured. The filters may be dielectric filters, Fabry-Perot filters, absorption
or reflection filters, fiber gratings, or any other wavelength selective filter. In an alternate
embodiment, a wavelength division multiplexer, WDM, may be used followed by one or more
detectors or detector arrays. One example of a planar wavelength division multiplexer may be a
waveguide grating router or an arrayed waveguide grating. The WDM may be fiber coupled, and
detectors may be placed directly at the output or the detectors may be coupled through fibers to the
WDM. Some of these components may also be combined with the configurations in FIGURES 16A
and 16B.

[0084] While the above detection systems could be categorized as single path detection
systems, it may be advantageous in some cases to use multi-path detection systems. In one
embodiment, when the aim is to measure particular gases or material (rather than identify out of a
library of materials), it may advantageous to use gas-filter correlation radiometry (GFCR), such as
1700 in FIGURE 17. A GFCR is a detection system that uses a sample of the gas of interest as a
spectral filter for the gas. As shown in FIGURE 17, the incoming radiation 1701 may first be passed
through a narrow band pass filter 1702. The beam may then be split by a beam splitter 1703 along
two paths; one path comprising a gas cell filled with the gas of interest 1704 (known as the
correlation cell) and the other path comprising no gas 1705. The light from each path may then be
measured using two detectors 1706, 1707. and the signals may then be analyzed 1708. The

difference in the transmission along the two paths may correspond primarily to the absorption of the
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gas along the correlation cell path. This GFCR configuration may be advantageous, for example, in
the detection of natural gas. Since the goal is to measure methane and ethane, the correlation cells
may contain these gases, either in combination or separately. Although a particular configuration for
the GFCR has been described, variations of this configuration as well as addition of other
components may also be used and are intended to be covered by this disclosure. For example,
collection optics and lenses may be used with this configuration, and various modulation techniques

may also be used to increase the signal to noise ratio.

[0085] In yet another example of multi-beam detection systems, a dual-beam set-up 1800
such as in FIGURE 18 may be used to subtract out (or at least minimize the adverse effects of) light
source fluctuations. In one embodiment, the output from an SC source 1801 may be collimated
using a calcium fluoride (CaF,lens 1802 and then focused into the entrance slit of the
monochromator 1803. At the exit slit, light at the selected wavelength is collimated again and may
be passed through a polarizer 1804 before being incident on a calcium fluoride beam splitter 1805.
After passing through the beam splitter 1805, the light is split into a sample 1806 and reference 1807
arm to enable ratiometric detection that may cancel out effects of intensity fluctuations in the SC
source 1801. The light in the sample arm 1806 passes through the sample of interest and is then
focused onto a HgCdTe detector 1808 connected to a pre-amp. A chopper 1802 and lock-in amplifier
1810 setup enable low noise detection of the sample arm signal. The light in the reference arm 1807
passes through an empty container (cuvette, gas cell etc.) of the same kind as used in the sample
arm. A substantially identical detector 1809, pre-amp and lock-in amplifier 1810 is used for
detection of the reference arm signal. The signal may then be analyzed using a computer system
181 1. This is one particular example of a method to remove fluctuations from the light source, but
other components may be added and other configurations may be used, and these are also intended

to be covered by this disclosure.

[0086] Although particular examples of detection systems have been described,
combinations of these systems or other systems may also be used, and these are also within the scope
of this disclosure. As one example, environmental fluctuations (such as turbulence or winds) may
lead to fluctuations in the beam for active remote sensing or hyper-spectral imaging. A

configuration such as illustrated in the representative embodiment of FIGURE 18 may be able to
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remove the effect of environmental fluctuations. Yet another technique may be to "wobble" the light
beam after the light source using a vibrating mirror. The motion may lead to the beam moving
enough to wash out spatial fluctuations within the beam waist at the sample or detection system. If
the vibrating miurror is scanned faster than the integration time of the detectors, then the spatial
fluctuations in the beam may be integrated out. Alternately, some sort of synchronous detection

system may be used, where the detection is synchronized to the vibrating frequency.
LIGHT SOURCES FOR SWIR AND NEAR INFRARED

[0087] There are a number of light sources that may be used in the near infrared. To be more
specific, the discussion below will consider light sources operating in the short wave infrared
(SWIR), which may cover the wavelength range of approximately 1400nm to 2500nm. Other
wavelength ranges may also be used for the applications described in this disclosure, so the
discussion below is merely provided as exemplary types of light sources. The SWIR wavelength
range may be valuable for a number of reasons. The SWIR corresponds to a transmission window
through water and the atmosphere. Also, the so-called "eye-safe" wavelengths are wavelengths

longer than approximately 1400nm.

[0088] Different light sources may be selected for the SWIR based on the needs of the
application. Some of the features for selecting a particular light source include power or intensity,
wavelength range or bandwidth, spatial or temporal coherence, spatial beam quality for focusing or
transmission over long distance, and pulse width or pulse repetition rate. Depending on the
application, lamps, light emitting diodes (LEDs), laser diodes (LD's), tumable LD's, super-
luminescent laser diodes (SLDs), fiber lasers or super-continnum sources (SC) may be
advantageously used. Also, different fibers may be used for transporting the light, such as fused
silica fibers, plastic fibers, mid-infrared fibers (e.g., tellurite, chalcogenides, fluorides, ZBLAN, etc),
or a hybrid of these fibers.

[0089] Lamps may be used if low power or intensity of light is required in the SWIR, and if
an incoherent beam is suitable. In one embodiment, in the SWIR an incandescent lamp that can be

used is based on tungsten and halogen, which have an emission wavelength between approximately
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500nm to 2500nm. For low intensity applications, it may also be possible to use thermal sources,
where the SWIR radiation is based on the black body radiation from the hot object. Although the
thermal and lamp based sources are broadband and have low intensity fluctuations, it may be
difficult to achieve a high signal-to-noise ratio due to the low power levels. Also, the lamp based

sources tend to be energy inefficient.

[0090] In another embodiment, LED's can be used that have a higher power level in the
SWIR wavelength range. LED's also produce an incoherent beam, but the power level can be higher
than a lamp and with higher energy efficiency. Also, the LED output may more easily be
modulated, and the LED provides the option of continuous wave or pulsed mode of operation.
LED's are solid state components that emit a wavelength band that is of moderate width, typically
between about 20nm to 40nm. There are also so-called super-luminescent LEDs that may even emit
over a much wider wavelength range. In another embodiment, a wide band light source may be
constructed by combining different LEDs that emit in at different wavelength bands, some of which
could preferably overlap i spectrum. One advantage of LEDs as well as other solid state

components is the compact size that they may be packaged into.

[0091] In yet another embodiment, various types of laser diodes may be used in the SWIR
wavelength range. Just as LEDs may be higher in power but narrower in wavelength emission than
lamps and thermal sources, the LDs may be yet higher in power but yet narrower in wavelength
emission than LEDs. Different kinds of LDs may be used, including Fabry-Perot LDs, distributed
feedback (DFB) LDs, distributed Bragg reflector (DBR) LDs. Since the LDs have relatively narrow
wavelength range (typically under 10nm), in a preferred embodiment a plurality of LDs may be used
that are at different wavelengths in the SWIR. The various LDs may be spatially multiplexed,
polarization multiplexed, wavelength multiplexed, or a combination of these multiplexing methods.
Also, the LDs may be fiber pig-tailed or have one or more lenses on the output to collimate or focus
the light. Another advantage of LDs is that they may be packaged compactly and may have a
spatially coherent beam output. Moreover, tunable LDs that can tune over a range of wavelengths
are also available. The tuning may be done by varying the temperature, or electrical current may be

used in particular structures such as distributed Bragg reflector LDs. In another embodiment,
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external cavity LDs may be used that have a tuning element, such as a fiber grating or a bulk grating,

in the external cavity.

[0092] In another embodiment, super-luminescent laser diodes may provide higher power as
well as broad bandwidth. An SLD is typically an edge emitting semiconductor light source based on
super-luminescence (e.g., this could be amplified spontaneous emission). SLDs combine the higher
power and brightness of LDs with the low coherence of conventional LEDs, and the emission band
for SLD's may be 5nm to 100nm wide, preferably in the 60nm to 100nm range. Although currently
SLDs are commercially available in the wavelength range of approximately 400nm to 1700nm,

SLDs could and may in the future be made that cover a broader region of the SWIR.

[0093] In yet another embodiment, high power LDs for either direct excitation or to pump
fiber lasers and SC light sources may be constructed using one or more laser diode bar stacks.
FIGURE 19 shows an example of the block diagram 1900 or building blocks for constructing the
high power LDs. In this embodiment, one or more diode bar stacks 1901 may be used, where the
diode bar stack may be an array of several single emitter LDs. Since the fast axis (e.g., vertical
direction) may be nearly diffraction limited while the slow-axis (e.g., horizontal axis) may be far

from diffraction limited, different collimators 1902 may be used for the two axes.

[0094] Then, the brightness may be increased by spatially combining the beams from
multiple stacks 1903. The combiner may include spatial interleaving, it may include wavelength
multiplexing, or it may involve a combination of the two. Different spatial interleaving schemes
may be used, such as using an array of prisms or mirrors with spacers to bend one array of beams
into the beam path of the other. In another embodiment, segmented mirrors with alternate high-
reflection and anti-reflection coatings may be used. Moreover, the brightness may be increased by
polarization beam combining 1904 the two orthogonal polarizations, such as by using a polarization
beam splitter. In a particular embodiment, the output may then be focused or coupled into a large
diameter core fiber. As an example, typical dimensions for the large diameter core fiber range from
diameters of approximately 100 microns to 400 microns or more. Alternatively or in addition, a
custom beam shaping module 1905 may be used, depending on the particular application. For
example, the output of the high power LD may be used directly 1906, or it may be fiber coupled

1907 to combine, integrate, or transport the high power LD energy. These high power LDs may
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grow in importance because the LD powers can rapidly scale up. For example, instead of the power
being limited by the power available from a single emitter, the power may increase in multiples
depending on the number of diodes multiplexed and the size of the large diameter fiber. Although
FIGURE 19 is shown as one embodiment, some or all of the elements may be used in a high power

LD, or addition elements may also be used.
SWIR SUPER-CONTINUUM LASERS

[0095] Each of the light sources described above have particular strengths, but they also may
have limitations. For example, there is typically a trade-off between wavelength range and power
output. Also, sources such as lamps, thermal sources, and LEDs produce incoherent beams that may
be difficult to focus to a small area and may have difficulty propagating for long distances. An
alternative source that may overcome some of these limitations is an SC light source. Some of the
advantages of the SC source may include high power and intensity, wide bandwidth, spatially
coherent beam that can propagate nearly transform limited over long distances, and easy

compatibility with fiber delivery.

[0096] Supercontinuum lasers may combine the broadband attributes of lamps with the
spatial coherence and high brightness of lasers. By exploiting a modulational instability initiated
supercontinuum (SC) mechanism, an all-fiber-integrated SC laser with no moving parts may be built
using commercial-off-the-shelf (COTS) components. Moreover, the fiber laser architecture may be
a platform where SC in the visible, near-infrared/SWIR, or mid-IR can be generated by appropriate
selection of the amplifier technology and the SC generation fiber. But until recently, SC lasers were
used primarily in laboratory settings since typically large, table-top, mode-locked lasers were used to
pump nonlinear media such as optical fibers to generate SC light. However, those large pump lasers
may now be replaced with diode lasers and fiber amplifiers that gained maturity in the

telecommunications industry.

[0097] In one embodiment, an all-fiber-integrated, high-powered SC light source 2000 may
be elegant for its simplicity (FIGURE 20). The light may be first generated from a seed laser diode
2001. For example, the seed LD 2001 may be a distributed feedback laser diode with a wavelength
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near 1542nm or 1550 nm, with approximately 0.5-2. Ons pulsed output, and with a pulse repetition
rate between one kilohertz to about 100MHz or more. The output from the seed laser diode may
then be amplified in a multiple-stage fiber amplifier 2002 comprising one or more gain fiber
segments. In a particular embodiment, the first stage pre-amplifier 2003 may be designed for
optimal noise performance. For example, the pre-amplifier 2003 may be a standard erbium-doped
fiber amplifier or an erbium/ytterbium doped cladding pumped fiber amplifier. Between amplifier
stages 2003 and 2006, it may be advantageous to use band-pass filters 2004 to block amplified
spontaneous emission and isolators 2005 to prevent spurious reflections. Then, the power amplifier
stage 2006 may use a cladding-pumped fiber amplifier that may be optimized to minimize nonlinear
distortion. The power amplifier fiber 2006 may also be an erbium-doped fiber amplifier, if only low

or moderate power levels are to be generated.

[0098] The SC generation 2007 may occur in the relatively short lengths of fiber that follow
the pump laser. Exemplary SC fiber lengths may range from a few millimeters to 100m or more. In
one embodiment, the SC generation may occur in a first fiber 2008 where the modulational-
instability initiated pulse break-up occurs primarily, followed by a second fiber 2009 where the SC

generation and spectral broadening occurs primarily.

[0099] In one embodiment, one or two meters of standard single-mode fiber (SMF) after the
power amplifier stage may be followed by several meters of SC generation fiber. For this example,
in the SMF the peak power may be several kilowatts and the pump light may fall in the anomalous
group-velocity dispersion regime—often called the soliton regime. For high peak powers in the
anomalous dispersion regime, the nanosecond pulses may be unstable due to a phenomenon known
as modulational instability, which is basically parametric amplification in which the fiber
nonlinearity helps to phase match the pulses. As a consequence, the nanosecond pump pulses may
be broken into many shorter pulses as the modulational instability tries to form soliton pulses from
the quasi-continuous-wave background. Although the laser diode and amplification process starts
with approximately nanosecond-long pulses, modulational instability in the short length of SMF
fiber may form approximately 0.5ps to several-picosecond-long pulses with high intensity. Thus, the
few meters of SMF fiber may result in an output similar to that produced by mode-locked lasers,

except in a much simpler and cost-effective manner.
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[0100] The short pulses created through modulational instability may then be coupled into a
nonlinear fiber for SC generation. The nonlinear mechanisms leading to broadband SC may include
four-wave mixing or self-phase modulation along with the optical Raman effect. Since the Raman
effect is self-phase-matched and shifts light to longer wavelengths by emission of optical photons,
the SC may spread to longer wavelengths very efficiently. The short-wavelength edge may arise
from four-wave mixing, and often times the short wavelength edge may be limited by increasing
group-velocity dispersion in the fiber. In many instances, if the particular fiber used has sufficient
peak power and SC fiber length, the SC generation process may fill the long-wavelength edge up to

the transmission window.

[0101] Mature fiber amplifiers for the power amplifier stage 2006 include ytterbium-doped
fibers (near 1060 nm), erbium-doped fibers (near 1550nm), erbium/ytterbium-doped fibers (near
1550nm), or thulium-doped fibers (near 2000nm). In various embodiments, candidates for SC fiber
2009 include fused silica fibers (for generating SC between 0.8-2.7 pun), mid-IR fibers such as
fluorides, chalcogenides, or tellurites (for generating SC out to 4.5 or longer), photonic crystal
fibers (for generating SC between 0.4-1.7puwm), or combinations of these fibers. Therefore, by
selecting the appropriate fiber-amplifier doping for 2006 and nonlinear fiber 2009, SC may be

generated in the visible, near-IR/SWIR, or mid-IR wavelength region.

[0102] The configuration 2000 of FIGURE 20 is just one particular example, and other
configurations can be used and are intended to be covered by this disclosure. For example, further
gain stages may be used, and different types of lossy elements or fiber taps may be used between the
amplifier stages. In another embodiment, the SC generation may occur partially in the amplifier
fiber and in the pig-tails from the pump combiner or other elements. In yet another embodiment,
polarization maintaining fibers may be used, and a polarizer may also be used to enhance the
polarization contrast between amplifier stages. Also, not discussed in detail are many accessories
that may accompany this set-up, such as driver electronics, pump laser diodes, safety shut-offs, and

thermal management and packaging.

[0103] One example of the SC laser that operates in the SWIR is illustrated in FIGURE 21.
This SWIR SC source 2100 produces an output of up to approximately SW over a spectral range of

about 1.5-2.4 microns, and this particular laser is made out of polarization maintaining components.
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The seed laser 2101 is a distributed feedback laser operating near 1542nm producing approximately
0.5nsec pulses at an about 8MHz repetition rate. The pre-amplifier 2102 is forward pumped and
uses about 2m length of erbium/ytterbium cladding pumped fiber 2103 (often also called dual-core
fiber) with an inner core diameter of 12 microns and outer core diameter of 130 microns. The pre-
amplifier gain fiber 2103 is pumped using a 10W laser diode near 940nm 2105 that is coupled in

using a fiber combiner 2104.

[0104] In this particular 5W unit, the mid-stage between amplifier stages 2102 and 2106
comprises an isolator 2107, a band-pass filter 2108, a polarizer 2109 and a fiber tap 2110. The
power amplifier 2106 uses an approximately 4m length of the 12/130 micron erbium/ytterbium
doped fiber 2111 that is counter-propagating pumped using one or more 30W laser diodes near
940nm 2112 coupled in through a combiner 2113. An approximately 1-2m length of the combiner
pig-tail helps to initiate the SC process, and then a length of PM-1550 fiber 2115 (polarization
maintaining, single-mode, fused silica fiber optimized for 1550nm) is spliced 2114 to the combiner

output.

[0105] If an approximately 10m length of output fiber is used, then the resulting output
spectrum 2200 is shown in FIGURE 22. The details of the output spectrum 2200 depend on the
peak power into the fiber, the fiber length, and properties of the fiber such as length and core size, as
well as the zero dispersion wavelength and the dispersion properties. For example, if a shorter
length of fiber is used, then the spectrum actually reaches to longer wavelengths (e.g., a 2m length of
SC fiber broadens the spectrum to about 2500nm). Also, if extra-dry fibers are used with less O-H
content, then the wavelength edge may also reach to a longer wavelength. To generate more
spectrum toward the shorter wavelengths, the pump wavelength (in this case around 1542nm) should
be close to the zero dispersion wavelength in the fiber. For example, by using a dispersion shifted
fiber or so-called non-zero dispersion shifted fiber, the short wavelength edge may shift to shorter

wavelengths.

[0106] Although one particular example of a SW SWIR-SC has been described, different
components, different fibers, and different configurations may also be used consistent with this
disclosure. For instance, another embodiment of the similar configuration 2100 in FIGURE 2 1 may

be used to generate high powered SC between approximately 1060nm and 1800nm. For this
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embodiment, the seed laser 2101 may be a distributed feedback laser diode near 1064nm, the pre-
amplifier gain fiber 2103 may be a ytterbium-doped fiber amplifier with 10/125 microns dimensions,
and the pump laser 2105 may be a 10W laser diode near 915nm. A mode field adapter may be
included in the mid-stage, in addition to the isolator 2107, band pass filter 2108, polarizer 2109 and
tap 2110. The gain fiber 2111 in the power amplifier may be a ytterbium-doped fiber with 25/400
microns dimension of about 20m length. The pump 2112 for the power amplifier may be up to six
pump diodes providing 30W each near 915nm. For this much pump power, the output power in the

SC may be as high as 50W or more.

[0107] In an alternate embodiment, it may be desirous to generate high power SWIR SC over
1.4-1.8 microns and separately 2-2.5 microns (the window between 1.8 and 2 microns may be less
important due to the strong water and atmospheric absorption). For example, the top SC source of
FIGURE 23 can lead to bandwidths ranging from about 1400nm to 1800nm or broader, while the
lower SC source of FIGURE 23 can lead to bandwidths ranging from about 1900nm to 2500nm or
broader. Since these wavelength ranges are shorter than about 2500nm, the SC fiber can be based on
fused silica fiber. Exemplary SC fibers include standard single-mode fiber (SMF), high-nonlinearity
fiber, high-NA fiber, dispersion shifted fiber, dispersion compensating fiber, and photonic crystal
fibers. Non-fused-silica fibers can also be used for SC generation, including chalcogenides,

fluorides, ZBLAN, tellurites, and germanium oxide fibers.

[0108] In one embodiment, the top of FIGURE 23 illustrates a block diagram for an SC
source 2300 capable of generating light between approximately 1400nm and 1800nm or broader. As
an example, a pump fiber laser similar to FIGURE 21 can be used as the input to a SC fiber 2309.
The seed laser diode 2301 can comprise a DFB laser that generates, for example, several milliwatts
of power around 1542nm or 1553nm. The fiber pre-amplifier 2302 can comprise an erbium-doped
fiber amplifier or an erbium/ytterbium doped double clad fiber. In this example a mid-stage
amplifier 2303 can be used, which can comprise an erbium/ytterbium doped double-clad fiber. A
bandpass filter 2305 and isolator 2306 may be used between the pre-amplifier 2302 and mid- stage
amplifier 2303. The power amplifier stage 2304 can comprise a larger core size erbium/ytterbium
doped double-clad fiber, and another bandpass filter 2307 and isolator 2308 can be used before the
power amplifier 2304. The output of the power amplifier can be coupled to the SC fiber 2309 to
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generate the SC output 2310. This is just one exemplary configuration for an SC source, and other

configurations or elements may be used consistent with this disclosure.

[0109] In yet another embodiment, the bottom of FIGURE 23 illustrates a block diagram for
an SC source 2350 capable of generating light, for example, between approximately 1900nm and
2500nm or broader. As an example, the seed laser diode 2351 can comprise a DFB or DBR laser
that generates, for example, several milliwatts of power around 1542nm or 1553nm. The fiber pre-
amplifier 2352 can comprise an erbium-doped fiber amplifier or an erbium/ytterbium doped double-
clad fiber. In this example a mid-stage amplifier 2353 can be used, which can comprise an
erbium/ytterbium doped double-clad fiber. A bandpass filter 2355 and isolator 2356 may be used
between the pre-amplifier 2352 and mid-stage amplifier 2353. The power amplifier stage 2354 can
comprise a thulium doped double-clad fiber, and another isolator 2357 can be used before the power
amplifier 2354. Note that the output of the mid-stage amplifier 2353 can be approximately near
1542nm, while the thulium-doped fiber amplifier 2354 can amplify wavelengths longer than
approximately 1900nm and out to about 2100nm. Therefore, for this configuration wavelength
shifting may be required between 2353 and 2354. In one embodiment, the wavelength shifting can
be accomplished using a length of standard single-mode fiber 2358, which can have a length
between approximately 5m and 50m, for example. The output of the power amplifier 2354 can be
coupled to the SC fiber 2359 to generate the SC output 2360. This is just one exemplary
configuration for an SC source, and other configurations or elements can be used consistent with this
disclosure. For example, the various amplifier stages can comprise different amplifier types, such as
erbium doped fibers, ytterbium doped fibers. erbium/ytterbium co-doped fibers and thulium doped
fibers. One advantage of the SC lasers illustrated in FIGURES 20, 21,and 23 are that they may use
all-fiber components, so that the SC laser can be all-fiber, monolithically integrated with no moving

parts. The all-integrated configuration can consequently be robust and reliable.

[0110] FIGURES 20, 21 and 23 are examples of SC light sources that may be
advantageously used for SWIR light generation in various active remote sensing and hyper-spectral
imaging applications. However, many other versions of the SC light sources may also be made that
are intended to also be covered by this disclosure. For example, the SC generation fiber could be

pumped by a mode-locked laser, a gain-switched semiconductor laser, an optically pumped
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semiconductor laser, a solid state laser, other fiber lasers, or a combination of these types of lasers.
Also, rather than using a fiber for SC generation, either a liquid or a gas cell might be used as the

nonlinear medium in which the spectrum is to be broadened.

[0111] Even within the all-fiber versions illustrated such as in FIGURE 21, different
configurations could be used consistent with the disclosure. In an alternate embodiment, it may be
desirous to have a lower cost version of the SWIR SC laser of FIGURE 21. One way to lower the
cost could be to use a single stage of optical amplification, rather than two stages, which may be
feasible if lower output power is required or the gain fiber is optimized. For example, the pre-
amplifier stage 2102 might be removed, along with at least some of the mid-stage elements. In yet
another embodiment, the gain fiber could be double passed to emulate a two stage amplifier. In this
example, the pre-amp lifter stage 2102 might be removed, and perhaps also some of the mid-stage
elements. A mirror or fiber grating reflector could be placed after the power amplifier stage 2106
that may preferentially reflect light near the wavelength of the seed laser 2101. If the mirror or fiber
grating reflector can transmit the pump light near 940nm, then this could also be used instead of the
pump combiner 2113 to bring in the pump light 2112. The SC fiber 2115 could be placed between
the seed laser 2101 and the power amplifier stage 2106 (SC is only generated after the second pass
through the amplifier, since the power level may be sufficiently high at that time). In addition, an
output coupler may be placed between the seed laser diode 2101 and the SC fiber, which now may
be in front of the power amplifier 2106. In a particular embodiment, the output coupler could be a
power coupler or divider, a dichroic coupler (e.g., passing seed laser wavelength but outputting the
SC wavelengths), or a wavelength division multiplexer coupler. This isjust one further example, but
a myriad of other combinations of components and architectures could also be used for SC light

sources to generate SWIR light that are intended to be covered by this disclosure.

[0112] Described herein are just some examples of the beneficial use of near-infrared or
SWIR lasers for active remote sensing or hyper-spectral imaging. However, many other
spectroscopy and identification procedures can use the near-infrared or SWIR light consistent with
this disclosure and are intended to be covered by the disclosure. As one example, the fiber-based
super-continuum lasers may have a pulsed output with pulse durations of approximately 0.5-2nsec

and pulse repetition rates of several Megahertz. Therefore, the active remote sensing or hyper-
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spectral imaging applications may also be combined with LIDAR-type applications. Namely, the
distance or time axis can be added to the information based on time-of- flight measurements. For this
type of information to be used, the detection system would also have to be time-gated to be able to
measure the time difference between the pulses sent and the pulses received. By calculating the
round-trip time for the signal, the distance of the object may be judged. In another embodiment,
GPS (global positioning system) information may be added, so the active remote sensing or hyper-
spectral imagery would also have a location tag on the data. Moreover, the active remote sensing or
hyper-spectral imaging information could also be combined with two-dimensional or three-
dimensional images to provide a physical picture as well as a chemical composition identification of
the materials. These are just some modifications of the active remote sensing or hyper-spectral
imaging system described in this disclosure, but other techniques may also be added or combinations

of these techniques may be added, and these are also intended to be covered by this disclosure.

[0113] Although the present disclosure has been described in several embodiments, a myriad
of changes, variations, alterations, transformations, and modifications may be suggested to one
skilled in the art, and it is intended that the present disclosure encompass such changes, variations,
alterations, transformations, and modifications as falling within the spirit and scope of the appended

claims.

[0114] While exemplary embodiments are described above, it is not intended that these
embodiments describe all possible forms of the disclosure. Rather, the words used in the
specification are words of description rather than limitation, and it is understood that various
changes may be made without departing from the spirit and scope of the disclosure. Additionally,
the features of various implementing embodiments may be combined to form further embodiments
of the disclosure. While various embodiments may have been described as providing advantages or
being preferred over other embodiments with respect to one or more desired characteristics, as one
skilled in the art is aware, one or more characteristics may be compromised to achieve desired
system attributes, which depend on the specific application and implementation. These attributes
include, but are not limited to: cost, strength, durability, life cycle cost, marketability, appearance,
packaging, size, serviceability, weight, manufacturability, ease of assembly, etc. The embodiments

described herein that are described as less desirable than other embodiments or prior art

39

Page 40 of 72 OMNI 2120 - IPR21-00453



WO 2014/143276 PCT/US2013/075767

immplementations with respect to one or more characteristics are not outside the scope of the

disclosure and may be desirable for particular applications.
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WHAT IS CLAIMED IS:

1. A measurement system comprising:

a light source configured to generate an output optical beam, comprising:

one or more semiconductor sources configured to generate an input beam;

one or more optical amplifiers configured to receive at least a portion of the
mput beam and to deliver an intermediate beam to an output end of the one or
more optical amplifiers;

one or more optical fibers configured to receive at least a portion of the
intermediate beam and to deliver at least the portion of the intermediate beam to a
distal end of the one or more optical fibers to form a first optical beam;

a nonlinear element configured to receive at least a portion of the first
optical beam and to broaden a spectrum associated with the at least a portion of the
first optical beam to at least 10nm through a nonlinear effect in the nonlinear
element to form the output optical beam with an output beam broadened spectrum;
and

wherein at least a portion of the output beam broadened spectrum
comprises a short-wave infrared wavelength between approximately 1400
nanometers and approximately 2500 nanometers, and wherein at least a portion of
the one of more fibers is a fused silica fiber with a core diameter less than
approximately 400 microns;

a measurement apparatus configured to receive a received portion of the output
optical beam and to deliver a delivered portion of the output optical beam to a sample, wherein the
delivered portion of the output optical beam is configured to generate a spectroscopy output beam
from the sample; and

a receiver configured to receive at least a portion of the spectroscopy output beam
having a bandwidth of at least 10 nanometers and to process the portion of the spectroscopy output
beam to generate an output signal, and wherein the light source and the receiver are remote from the

sample, and wherein the output signal is based on a chemical composition of the sample.
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2. The system of Claim 1, wherein the measurement apparatus is a stand-off
detection apparatus, and the spectroscopy output beam is based at least in part on diffuse reflection

from the sample.

3. The system of Claim 1, wherein the output signal is configured for leak

detection, natural gas exploration, or oil spill detection.

4. The system of Claim 1, wherein the output signal corresponds to overtone or

combinational bands of the chemical composition of the sample.

5. The system of Claim 1, wherein the receiver comprises a detection system

comprising gas filter correlation radiometry.

6. A measurement system comprising:

a light source configured to generate an output optical beam, comprising:

a plurality of semiconductor sources configured to generate an input optical
beam;

a multiplexer configured to receive at least a portion of the input optical
beam and to form an intermediate optical beam; and

one or more fibers configured to receive at least a portion of the
intermediate optical beam and to form the output optical beam, wherein the output
optical beam comprises one or more optical wavelengths;

a measurement apparatus configured to receive a received portion of the output
optical beam and to deliver a delivered portion of the output optical beam to a sample, wherein the
delivered portion of the output optical beam is configured to generate a spectroscopy output beam
from the sample; and

areceiver configured to receive at least a portion of the spectroscopy output beam and
to process the portion of the spectroscopy output beam to generate an output signal; and

wherein the light source and the receiver are remote from the sample, and wherein the

output signal is based on a chemical composition of the sample.
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7. The system of Claim 6., wherein the light source comprises a super-continuum

laser.

8. The system of Claim 6, wherein the measurement apparatus is a stand-off
detection apparatus, and the spectroscopy output beam is based at least in part on diffuse reflection

from the sample.

9. The system of Claim 6, wherein the output signal corresponds to overtone or

combinational bands of the chemical composition of the sample.

10. The system of Claim 6, wherein at least a portion of the one of more optical
wavelengths comprises a short-wave infrared wavelength between approximately 1400 nanometers

and approximately 2500 nanometers.

1. The system of Claim 6, wherein the output signal is configured for leak

detection.

12. The system of Claim 6, wherein the spectroscopy output beam comprises

spectral features of hydrocarbons or organic compounds.

13. The system of Claim 6, wherein the receiver comprises a wavelength tunable

detection system.

14. The system of Claim 6, wherein the receiver comprises a detection system

comprising gas filter correlation radiometry.

15. The system of Claim 6, wherein the spectroscopy output beam has a

bandwidth of at least 10 nanometers.

16. The system of Claim 6, wherein the output signal is configured for natural gas

identification or oil spill identification.
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17. A method of measuring, comprising:
generating an output optical beam, comprising:
generating an input optical beam from a plurality of semiconductor
sources;
multiplexing at least a portion of the input optical beam and forming an
intermediate optical beam; and
guiding at least a portion of the intermediate optical beam and forming the
output optical beam, wherein the output optical beam comprises one or more
optical wavelengths;
receiving a received portion of the output optical beam and delivering a delivered
portion of the output optical beam to a sample located remotely from the generated output optical
beam;
generating a spectroscopy output beam having a bandwidth of at least 10 nanometers
from the sample, wherein the spectroscopy output beam comprises spectral features of hydrocarbons
or organic compounds;
receiving at least a portion of the spectroscopy output beam; and
processing the portion of the spectroscopy output beam and generating an output

signal, wherein the output signal is based on a chemical composition of the sample.

18. The method of claim 17, wherein the one or more optical wavelengths
comprises a short-wave infrared wavelength between approximately 1400 nanometers and

approximately 2500 nanometers.

19. The method of claim 17, wherein the output signal is configured for leak

detection, natural gas exploration, or oil spill detection.

20. The method of claim 17, wherein the output signal corresponds to overtone or

combinational bands of the chemical composition of the sample.
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