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REVERSE PHOTOACOUSTIC STANDOFF SPECTROSCOPY

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0001] This invention was made with government support under Contract No. DE-
AC05-000R22725 awarded by the U.S. Department of Energy. The government has

certain rights in the invention.

RELATED APPLICATION

[0002]  This application is related to the application entitled “PHOTOACOUSTIC
POINT SPECTROSCOPY,” (Atty. Dkt. 13489/12, 2137) filed on August 11, 2008, U.S.
Ser. No. 12/189,652, now U.S. Patent No. , which is incorporated by

reference.

BACKGROUND

[0003] Photoacoustic spectroscopy (PAS) may utilize the photoacoustic effect. The
photoacoustic effect may include a conversion of light to acoustic waves due to absorption
and localized thermal excitation. Light may be absorbed and transformed into kinetic
energy. The absorption may result in local heating and a pressure/sound wave. A
measurement of the sound waves at different wavelengths may be used to generate a
photoacoustic spectrum of a sample. In an open environment, it may be difficult to detect
these waves. The waves may spread and stretch their energy outward and they may be
exposed to environmental noise, which may reduce the range and sensitivity for producing

a photoacoustic spectrum.



WO 2010/053615 PCT/US2009/052820

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The system and method may be better understood with reference to the
following drawings and description. Non-limiting and non-exhaustive embodiments are
described with reference to the following drawings. The components in the drawings are
not necessarily to scale, emphasis instead being placed upon illustrating the principles of
the invention. In the drawings, like referenced numerals designate corresponding parts
throughout the different views.

[0005]  Figure 1 illustrates an exemplary spectroscopy system;

[0006]  Figure 2 illustrates an exemplary standoff spectroscopy system;

[0007]  Figure 3 illustrates exemplary photoacoustic imaging;

[0008] Figute 4 is an embodiment of a remote spectroscopy system;

[0009]  Figure 5 illustrates exemplary detectors; and

[0010]  Figure 6 is spectroscopy system with source and detector arrays.

DETAILED DESCRIPTION

[0011] By way of introduction, a system and method for generating a reversed
photoacoustic spectrum at a greater distance are described. A source may emit a beam to
a target and a detector measures signals generated as a result of the beam partially or fully
returning to a detector positioned near said source. Absorption of pulsed light by the
sample may result in the generation of sound. Absorption of light may also result in
decreased reflection or scattering of the light by the sample. By emitting a
chopped/pulsed light beam to the target, it may be possible to determine the target’s
optical absorbance by monitoring the intensity of light collected at a vibratory detector at
different wavelengths. As the wavelength of light is changed, the target may absorb or
reject each optical frequency. Rejection may increase the intensity at the sensing element
and absorption may decrease the intensity. Accordingly, an identifying spectrum of the
target may be made with the intensity variation of the detector signal as a function of

illuminating wavelength. The detector may comprise a vibrating or oscillatory sensor and
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the observed spectrum may correspond with a reversed photoacoustic spectrum of the
sample.

[0012]  Photoacoustic spectroscopy may measure the photoacoustic effect on a target
substance or material. Figure 1 illustrates an exemplary photoacoustic spectroscopy
system. The spectroscopy system may include a source 102, a target 106, and a detector
110. The source 102 may include a beamformer or a light source, such as a laser,
monochromator, light emitting diode (LED), diode laser, LED pile, or the sun with a
grating. The source 102 may be tunable.

[0013]  The source 102 may provide an optical beam 104 to a target 106. The optical
beam 104 may include a light beam of any type or a laser emission. The light source may
be oscillatory, such that the optical beam 104 is chopped or pulsed at a predetermined or
adjustable frequency. The target 106 may be a solid, liquid, or gas. For example, the
target 106 may be a residue, such as an explosives or gun powder residue that is to be
identified. The target 106 may include a surface at an airport that is tested for explosive
and/or other material residues. Alternatively, the target 106 may be human tissue or cells,
such that a medical doctor may test for skin cancer or other skin conditions by analyzing a
spectrum of light reflected off the skin. The spectra for cancer cells may be different from
the spectra for normal cells. In another example, colon cancer may be detected when light
is pumped through fiber optics along a colonoscopy tube. The doctor may view the
abnormal areas and receive a confirmation using the spectra. This may be beneficial for
testing lesions that are flat (early stages of colon cancer).

[0014] The analysis may identify or determine various properties of the target 106.
The optical beam 104 may be partially absorbed and/or partially rejected by the target
106, such that the optical beam 104 may be scattered by the target 106 producing scattered
light 108 that is monitored by a detector 110. The scattered light 108 may be the result of
the optical beam 104 being reflected, diffracted, and/or rejected by the target 106.

[0015]  The detector 110 may be a mechanical resonator that measures an acoustic
signal. The scattered light 108 may produce acoustic waves on the surface of the detector

110 as a result of the photoacoustic effect. Changing the wavelength of the optical beam
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104 may result in a change in wavelength of the scattered light 108. As the target absorbs
or rejects the changing wavelength of the optical beam 104, the intensity of the scattered
light 108 may also change. The intensity change of the scattered light 108 may change
the intensity of the acoustic waves generated on the detector 110. The acoustic waves on
the detector 110 may be analyzed to identify the target 108. The detector 110 may
comprise a vibratory detector to measure the pulsed scattered light 108. The intensity of
the generated scattered light 108 may be proportional to the intensity of the optical beam
104. The analysis may occur at the detector 110, or the detector 110 may be coupled with
an analysis apparatus, such as a computer system for analyzing the signals of the detector
110.

[0016] Figure 2 illustrates an exemplary standoff spectroscopy system 200. The
spectroscopy system 200 may include a source 202, a target 206, collection optics 210,
and a detector 212. The source 202, target 206, and detector 212 may include the source,
target and detector described with respect to Figure 1.

[0017] The system 200 may include a quantum cascade laser source 202, a target 206,
collection optics 210, and a quartz crystal tuning fork detector 212. The source 202 may
emit an optical beam 204 on the target 206. The optical beam 204 is pulsed at the source
202 at the resonant frequency of the quartz crystal tuning fork. Certain optical
wavelengths of the optical beam 204 will be absorbed by the target 206, while other
frequencies may be rejected by the target 206. The rejection produces scattered light 208
from the target. The target 206 may absorb and reject some of the optical beam 204. The
rejected portion of the optical beam 204 may result in scattered light 208, which is
collected by the collection optics 210. The collection optics 210 may refocus the scattered
light 208 onto the tine of the quartz crystal tuning fork detector 212. The collection optics
210 may be placed adjacent the source 202 and may be positioned at or near the collection
optic’s focal point.

[0018] The quantum cascade laser source 202 or quartz crystal tuning fork detector
212 may be modulated or regulated by adjusting its amplitude, by turning it on and off, or

by combining its output with other instrumentation. The modulation may be a form of
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diphase modulation that is combined with signal conditioning. The modulation may be
specific to the device or quartz crystal tuning fork detector 212. The optical beam 204
may be pulsed or chopped at or near a resonant frequency of the quartz crystal tuning fork
detector 212 so that the scattered light 208 will produce a photoacoustic wave on the
surface of the quartz crystal tuning fork detector 212 which may create a measurable
vibration of the quartz crystal tuning fork detector 212. The photoacoustic wave may be
measured and analyzed for determining various properties of the target 206. When the
optical wavelength of the optical beam 204 is modified, the target 206 absorbs or rejects
energy as the wavelengths are changed, and the intensity of the collected scattered light
208 at the quartz crystal tuning fork detector 212 increases or decreases. This may
produce an increasing or decreasing photoacoustic wave on the surface of the quartz
crystal tuning fork detector 212 which causes a mechanical vibration of quartz crystal
tuning fork detector 212 to increase or decrease. The amplitude of vibration of the quartz
crystal tuning fork detector 212 yields a reversed photoacoustic spectrum of the target 206
as a function of the detector’s output signal verses optical wavelength.

[0019] Alternatively, the detector 212 may be a mechanical resonator that measures an
acoustic signal produced on its surface. The scattered light 208 may produce acoustic
waves on the detector’s surface as a result of the photoacoustic effect, which the detector
212 measures generating a reversed photoacoustic spectrum. The optical beam 204 may
have its intensity varied due to the absorption of the target 206, such that the scattered
light 208 emitted at the different optical wavelengths may be analyzed for identifying the
target 206. The detector 212 may be a vibratory detector to measure the pulsed scattered
light 208 due to the pulsed optical beam 204 using the photoacoustic effect generated on
the surface of the detector. The intensity of the generated photoacoustic waves on the
surface of the detector may be proportional to the intensity of the scattered light 208 at
each changing optical wavelength. The photoacoustic waves produced on the surface of
the detector 212 may induce a mechanical vibration of the detector 212. The detector 212
may be coupled with an analysis apparatus, such as a computer system, for analyzing the

target 206 through vibration of the detector 212.
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[0020]  Figure 3 illustrates exemplary photoacoustic imaging. A source 302 provides
an optical wave 304 to a target. The optical wave 304 is pulsed or chopped before being
partially or fully absorbed 306 by the target. Certain frequencies of the optical wave 304
will be absorbed, while other frequencies may be rejected 308 by the target. The rejection
308 produces scattered optical waves 310 from the target. The detection 312 of the
scattered optical waves 310 may be used for forming an image 314. The detection 312
may include an amplification of the measured optical waves 310. For example, the
detection 312 may include the collection and focusing of the scattered optical waves 310
on a microphone diaphragm or a quartz tuning fork tine that generates an acoustic wave
on the surface of the microphone diaphragm or a quartz tuning fork tine used to create an
image 314. The image formation 314 may be a reversed photoacoustic spectrum of the
target that is used to identify that target. As the color of the optical wave 304 is changed,
the target will absorb certain wavelengths (i.e. colors) better than others. This may vary
the intensity of the scattered optical waves 310, which in turn may vary the acoustic
waves generated at the detection 312.

[0021]  Figure 4 illustrates exemplary detectors. The detector 110 and the detector 212
may comprise the detector 402 and/or the detection 212 may be performed by the detector
402. The detector 402 may comprise a tuning fork 404, microphone 406, membrane 408,
cantilever beam 410, a photocell/photodetector 412, a Microelectromechanical System
(MEMS) device, and/or a Nanoelectromechanical System (NEMS) device 414.

[0022]  The tuning fork 404 may comprise a tuning fork made of any material, such as
quartz. An exemplary quartz crystal tuning fork, such as those manufactured for wrist
watches, may be used. An exemplary quartz crystal tuning fork may be quoted by the
manufacturer as having a quality factor near 90,000 in a vacuum. In air, quartz crystal
tuning forks may produce a sensitivity on the order of about 0.1Hz. When pulsed light is
allowed to hit one of the tines of the tuning fork, a photoacoustic pressure may develop at
the air-surface interface. When the frequency of pulsed light is close to the resonant
frequency of the tuning fork, an increased piezoelectric signal may be generated due to the

piezoelectric material nature of quartz. A quartz crystal tuning fork resonator may benefit
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from sharp resonant peaks, lower purchasing cost, and a pulsed or chopped optical
stimulation range from any optical frequency, including but not limited to ultraviolet (UV)
through far infrared (IR).

[0023]  The microphone 406 may be any microphone utilized to measure acoustic
waves generated on the surface of the microphone’s diaphragm as a result of the pulsed or
chopped scattered light. Alternatively, the microphone 406 may be any acoustic
transducer configured to measure acoustic waves. Likewise, the membrane 408, such as a
NEMS or MEMS membrane, and the cantilever beam 410, such as a micro- or nano-
cantilever beam may measure the acoustic waves.

[0024]  The detector 402 may comprise a photocell 412 or a photodetector. The
photocell 412 may measure the intensity of light directly. The photocell 412 may count
photons to determine the amount of energy at each wavelength of light that it measures.
Accordingly, as the target absorbs or rejects various optical wavelengths, the intensity of
the light scattering off the target may change. The photocell 412 detects the intensity
changes and produces a voltage accordingly. A spectrum of the target is produced as a
function of the outputted photocell voltage and the optical wavelength of the optical beam
from the source. The photocell 412 may include AC circuits for measuring oscillation,
such as a pulsed source. Alternatively, the detector 402 may comprise any optical
detector that measures changes in the light scaitered by the target.

[0025] Alternatively, the detector 402 may comprise a NEMS/MEMS device 414 that
may be any acoustic transducer fabricated to micrometer dimensions which may use other
methods of sensing besides membranes and cantilevers. Likewise, the NEMS/MEMS
device 414 may be any acoustic transducer fabricated to nanometer dimensions which
may use other methods of sensing besides membranes and cantilevers.

[0026]  Figure 5 is a standoff spectroscopy system 500 with source and detector arrays.
The system 500 may include an array source 502, a target 508, collection optics 510, and
a detector array 512. The array source 502 may include a plurality of sources 504, such as
a first source 504, a second source 504,, and additional sources up to an n™ source 504,.

The value of n may be any integer greater than or equal to one. The array source 502 may
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also comprise a single source and an optical grating or a single source of all light colors.
Each of the sources 504 may represent a different light source and/or a different color
(wavelength) of emitted light. Each of the sources 504 may be modulated, pulsed, or
chopped at a slightly different frequency to cover a range of frequencies. The light beam
506 may include a plurality of separate light beams from each of the n sources 504.
Alternatively, the single light beam 506 may include light emitted from each of the n
sources 504. The light emitted from each of the sources 504 is scattered by the target 508
and collected and refocused by the collection optics 510 onto the detector array 512. The
output from each of the n sources 504 may be detected by each of the n detectors 514,
respectively. The n® source 504, emits a light beam that is detected by the n™

detector 514,. Each detector 514 in the detector array 512 may have optical coatings such
that light of multiple colors may fall upon them, but each detector 514 in the detector
array 512 may respond to a single color of light and reject the other colors.

[0027]  In one embodiment, the array source 502 comprises a pulsed quantum cascade
laser (QCL) array and the detector array 512 comprises an array of quartz crystal tuning
forks (QCTF). The QCL array may include n QCLs corresponding with the n sources
504. The QCTF array may include n QCTFs corresponding with the n detectors 514.
Each QCL may produce a specified optical scanning range. For each QCL in the array,
there may be a corresponding QCTF. Each QCTF may be optically coated such that it
will accept the range of its corresponding QCL and produce a resonant frequency different
from the other QCTFs in the array. Due to the high resonant peak of the QCTFs, the
QCTF array may have individual QCTFs with about a ten Hertz or more difference in
resonant frequency. Each QCL may be pulsed at a frequency that approximately matches
the resonant frequency of a corresponding QCTF.

[0028]  The pulsed light beam 506 is scattered off the target 508 and recollected by
collection optics 510, such as the parabolic mitror, or a telescope, etc. The collection
optics focus the scattered light onto the detector array 512. Each detector 514 in the
detector array 512 may be photoacoustically driven by the pulsed light that substantially

matches its resonant frequency. The emission of beams of different optical wavelengths
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by each of the sources 504 from the array source 502 may occur substantially
simultaneously, which may reduce the time needed to scan from one end of the spectral
range to the other. Accordingly, an analysis of the target 508 over a wide spectral range
may be expedited when an array of sources and array of detectors are used.

[0029]  Figure 6 illustrates a process for reverse photoacoustic standoff spectroscopy.
In block 602, light is transmitted from a source to a target. The target may be a material
or substance whose reflected spectrum is analyzed for providing additional information
about the target. In block 604, the light source is pulsed at the detector's resonant
frequency, so that the light that is transmitted from the source to the target is pulsed.
When a source array is used, each of the sources may be pulsed to correspond with the
resonant frequency of a corresponding detector in a detector array. The pulsed light may
be transmitted with different wavelengths (colors). In block 606, the target absorbs and/or
rejects light at different wavelengths. The rejected light may be scattered by the target in
block 608. The scattered light may be refocused towards a detector in block 610. An
optical collection device, such as a parabolic mirror or telescope, may be used to gather
and refocus the scattered light. The scattered light is received at the detector in block 612.
[0030]  Different types of detectors may measure or react to the scattered light. When
a vibratory or oscillatory detector is used in block 614, the scattered light focused on the
vibratory detector may produce an acoustic wave on the surface of the vibratory detector
in block 616. The photoacoustic wave may cause the detector to vibrate in block 618.
The vibration of the detector may be measured or monitored at the detector in block 620.
A spectrum may be generated based on the measured photoacoustic wave for different
wavelengths of emitted light as in block 620. When a photocell or photodetector is used
as the detector in block 614, the scattered light is detected by the photocell in block 622.
The photocell measures the intensity of the scattered light in block 624. A spectrum may
be generated based on the measured light intensity for different wavelengths of emitted
light as in block 626. In particular, the photocell may produce a voltage proportional to
the light intensity and the spectrum may be a function of the photocell voltage versus the
optical wavelength of the light.
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[0031]  The illustrations of the embodiments described herein are intended to provide a
general understanding of the structure of the various embodiments. The illustrations are
not intended to serve as a complete description of all of the elements and features of
apparatus and systems that utilize the structures or methods described herein. Many other
embodiments may be apparent to those of skill in the art upon reviewing the disclosure.
Other embodiments may be utilized and derived from the disclosure, such that structural
and logical substitutions and changes may be made without departing from the scope of
the disclosure. Additionally, the illustrations are merely representational and may not be
drawn to scale. Certain proportions within the illustrations may be exaggerated, while
other proportions may be minimized. Accordingly, the disclosure and the figures are to be
regarded as illustrative rather than restrictive.

[0032]  One or more embodiments of the disclosure may be referred to herein,
individually and/or collectively, by the term “invention” merely for convenience and
without intending to voluntarily limit the scope of this application to any particular
invention or inventive concept. Moreover, although specific embodiments have been
illustrated and described herein, it should be appreciated that any subsequent arrangement
designed to achieve the same or similar purpose may be substituted for the specific
embodiments shown. This disclosure is intended to cover any and all subsequent
adaptations or variations of various embodiments. Combinations of the above
embodiments, and other embodiments not specifically described herein, will be apparent
to those of skill in the art upon reviewing the description.

[0033]  The Abstract of the Disclosure is provided to comply with 37 C.F.R. §1.72(b)
and is submitted with the understanding that it will not be used to interpret or limit the
scope or meaning of the claims. In addition, in the foregoing Detailed Description,
various features may be grouped together or described in a single embodiment for the
purpose of streamlining the disclosure. This disclosure is not to be interpreted as
reflecting an intention that the claimed embodiments require more féatures than are
expressly recited in each claim. Rather, as the following claims reflect, inventive subject

matter may be directed to less than all of the features of any of the disclosed

-10-
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embodiments. Thus, the following claims are incorporated into the Detailed Description,
with each claim standing on its own as defining separately claimed subject matter.

[0034] The above disclosed subject matter is to be considered illustrative, and not
restrictive, and the appended claims are intended to cover all such modifications,
enhancements, and other embodiments, which fall within the true spirit and scope of the
present invention. Thus, to the maximum extent allowed by law, the scope of the present
invention is to be determined by the broadest permissible interpretation of the following
claims and their equivalents, and shall not be restricted or limited by the foregoing
detailed description. While various embodiments of the invention have been described, it
will be apparent to those of ordinary skill in the art that many more embodiments and
implementations are possible within the scope of the invention. Accordingly, the

invention is not to be restricted except in light of the attached claims and their equivalents.

-11-
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WE CLAIM

1. A standoff spectroscopy system comprising:

a light source that emits pulsed light;

a target that is illuminated by the light source, wherein at least some of the
pulsed light at the target is scattered, reflected, or refracted;

a vibratory detector that measures the scattered pulsed light from the target,
wherein a photoacoustic wave is produced on the surface of the detector creating a
mechanical vibration of the detector that is used to measure the intensity of the scattered
pulsed light as the optical frequency of the light is varied; and

a collection optic that focuses the scattered, reflected, or refracted light onto the

vibratory detector.

2. The system of claim 1 wherein an amplitude of the vibration of the detector is
used to measure the intensity of the scattered pulsed light as the optical frequency of the

light is varied.

3. The system of claim 1 wherein a frequency of the pulsed light corresponds with

a resonant frequency of the vibratory detector.

4.  The system of claim 1 wherein the pulsed or chopped light creates an acoustic

wave on the surface of the vibratory detector.

5. The system of claim 4 wherein the detector comprises of any mechanical
resonator and the pulse or chop frequency of the light corresponds with the resonant

frequency of the mechanical resonator.
6.  The system of claim 5 wherein the light source comprises of any light source.

7. 'The system of claim 1 wherein an analysis of the reversed photoacoustic

spectrum identifies the target.

-12 -
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8. A standoff spectroscopy system comprising:
a quantum cascade laser light source that emits pulsed light;
a target that 1s illuminated by the light source; wherein at least some of the
pulsed light at the target is scattered; and
a quartz crystal tuning fork used as a detector that measures the scattered
pulsed light from the target, wherein a photoacoustic wave is produced on the surface of

the detector creating a mechanical vibration of the detector.

9.  The system of claim 8 wherein the scattered pulsed light is reflected or

refracted from the target.

10. The system of claim 20 wherein the quartz crystal tuning fork is optically
coated for increased absorbance by the pulsed light beam and/or placed in an environment

which enhances effects of the tuning fork.

11. The system of claim 8 further comprising a collection optic that focuses the

scattered pulsed light onto at least one tine of the quartz crystal tuning fork.

12.  The system of claim 8 wherein an amplitude of the vibration of the detector is
used to measure an intensity of the scattered pulsed light as the optical frequency of the

light is varied.

13.  The system of claim 8 wherein a frequency of the pulsed light corresponds with

a resonant frequency of the quartz crystal tuning fork.

14.  The system of claim 8 wherein the light beam is pulsed at varying frequencies
and an intensity of the photoacoustic wave is used to create a spectrum at the varying

frequencies.

15. The system of claim 14 wherein an analysis of the reversed photoacoustic

spectrum identifies the target.

-13 -
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16. A system for standoff spectroscopy comprising:

a target;

a source array comprising a plurality of sources that each emit a pulsed light
beam with different pulse frequencies onto the target at a predetermined frequency; and

a detector array comprising a plurality of detectors that each have a
predetermined resonant frequency, wherein the resonant frequency for each of the
detectors corresponds with the predetermined frequency from one of the sources, further
wherein each of detectors measures an optical scattering, reflection, or refraction by the

target of the pulsed light beam from the corresponding one of the sources.

17. The system of claim 16 further comprising a collection optic that focuses the

reflected light from the target to the detector array.

18. The system of claim 16 wherein the measurement at each of the detectors
comprises an acoustic or vibrational measurement generated on the surface of the

detector.

19. The system of claim 18 wherein a spectrum of the measurement is generated
based on the measured vibrational intensity at the predetermined frequencies of each of

the sources.

20. A system for standoff spectroscopy of a target comprising:
a quantum cascade laser array that emits pulsed light beams onto the target;
a collection optic that receives scattered, reflected, and/or refracted light from
the pulsed light beams being rejected by the target; and
a quartz crystal tuning fork array that receives the scattered, reflected, and/or
refracted light from the collection optic and generates a vibration on each of the quartz

crystal tuning forks in the array.

-14 -
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21. The system of claim 20 wherein the quartz crystal tuning fork array is optically
coated for increased absorbance by the pulsed light beams and/or placed in an

environment which enhances effects of each tuning fork in the array.

22. The system of claim 20 wherein the collection optic focuses the scattered,

reflected, or refracted light onto the quartz crystal tuning fork array.

23. The system of claim 19 wherein an acoustic wave is generated on the surface of
the quartz crystal tuning fork driving the quartz crystal tuning fork into a mechanical

vibration that is measured.

24. The system of claim 20 wherein the light beam is tuned to different optical
frequencies and the intensity of the acoustic wave on the surface of the quartz crystal

tuning fork is used to create a spectrum at the different optical frequencies.

- 15 -
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Pulsing the light source at a detector’s resonant frequency [\ 604

y
The target absorbs/rejects light at different wavelengths '\ 606
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Light is scattered by the target \_ 608
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The scattered light is refocused toward the detector \_ 610
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The scattered light is received at the detector N\ 612
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