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(57) ABSTRACT

A device, and corresponding method, can include a pump
light source configured to be modulated at a pump modu-
lation and to irradiate a target specimen. The device can also
include a probe light source arranged to generate a speckle
pattern from the target specimen, as well as a sensor con-
figured to detect changes in at least one of position and
intensity of one or more speckle lobes of the speckle pattern
having correlation with the pump modulation. The device
and method can be used for non-contact monitoring and
remote sensing of surfaces, gases, liquids, particles, and
other target materials by analyzing speckle pattern changes
as a function of pump light irradiation. Advantages can
include much higher sensitivity than existing methods; the
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ability to use visible probe wavelengths for uncooled, low-
cost visible detectors with high spatial resolution; and the
ability to obtain target material properties without detecting
infrared light.
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DEVICES AND METHODS FOR SENSING
TARGETS USING PHOTOTHERMAL
SPECKLE DETECTION

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/207,720, filed on Aug. 20, 2015. The
entire teachings of the above application(s) are incorporated
herein by reference.

GOVERNMENT SUPPORT

This invention was made with Government support under
Contract No. FA8721-05-C-0002 awarded by the U.S. Air
Force. The government has certain rights in the invention.

BACKGROUND

Various techniques have been used for non-contact sens-
ing of target materials. One class of existing techniques can
be referred to as reflectance spectroscopy. Infrared (IR)
reflectance spectroscopy directly detects back-scattered
radiation at the pump wavelength, which can also be used to
determine optical properties of the target material surface.

A second class of techniques that probe infrared absorp-
tion of target materials are alternative photothermal
approaches that involve measurement of changes in the
thermal emission of the surface (measured using infrared
radiometry) as a function of incident wavelength. These
techniques can measure either the total change in thermally
radiated power associated with the temperature rise of the
surface or the change in the spectrum of the blackbody
emission, modulated by the characteristic emissivity of the
surface material.

SUMMARY

Existing techniques for non-contact analysis of target
materials suffer from a variety of drawbacks. Some of these
drawbacks include the difficulty, expense, atmospheric
absorption, and detector noise associated with detecting
long-wavelength infrared (LWIR) light. For example, LWIR
sensors can require cryogenic temperatures to reduce sensor
noise sufficiently. Other disadvantages include the complex-
ity of interpreting scattering spectra, limited spatial resolu-
tion and signal-to-noise ratios (SNRs), and limited sensitiv-
ity.

Embodiments disclosed herein overcome drawbacks of
existing techniques by providing high-sensitivity, non-con-
tact detection of target materials, even without the need for
infrared sensing or cryogenic sensor operation. At least two
wavelengths can be used, including pump and probe wave-
lengths. The pump wavelength can be in the near-infrared
(near-IR), for example. Embodiments do not depend on
backscatter of the pump wavelength for operation. A probe
wavelength can be visible, for example, and can be selected
to be non-absorbing at the target material and to produce a
speckle pattern whose variation as a function of pump light
modulation can be monitored and analyzed to distinguish
between different target materials or classes of materials and
to identify materials based on material properties such as
absorption spectra and thermal diffusivity. IR absorption
spectra can be obtained, for example, without direct detec-
tion of IR radiation and without a thermal camera. Embodi-
ments can be used in a variety of applications, including
remote sensing of target materials.
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In one embodiment, a device, and a corresponding
method, includes a pump light source configured to be
modulated at a pump modulation and to irradiate a target
specimen. The device can also include a probe light source
arranged to generate a speckle pattern from the target
specimen, as well as a sensor configured to detect changes
in at least one of position and intensity of one or more
speckle lobes (e.g., locations of constructive interference in
an intensity pattern produced as a result of a diffuse reflec-
tion of coherent light) of the speckle pattern having corre-
lation with the pump modulation. The device can also
include a correlator that is configured to perform a frequency
analysis to determine correlation of the changes in at least
one of position and intensity of the one or more speckle
lobes with a frequency of the pump modulation. The pump
modulation can be on a timescale shorter than a timescale of
blurring of the speckle pattern, and the sensor can be
configured to detect the changes in at least one of position
and intensity on a timescale shorter than the timescale of
blurring of the speckle pattern.

The device can also include a processor, and the processor
can be configured to determine an absorption spectrum of
the target specimen based on the changes in at least one of
position and intensity of the one or more speckle lobes
correlated with the pump modulation. The processor can
also be configured to determine a thermal diffusivity of the
target specimen based on the changes in at least one of
position and intensity of the one or more speckle lobes.

The processor can be further configured to identify a
material class of the target specimen based on the absorption
spectrum and to identify the material class independent of an
optical property of a surface of the target specimen.

The sensor can be further configured to detect changes in
at least one of position and intensity of the one or more
speckle lobes during or after a particular duty cycle of the
pump modulation. The duty cycle of the pump modulation
can be short in comparison with a thermal diffusion time of
the target specimen.

The pump modulation can be a light amplitude modula-
tion, and the sensor can be further configured to detect the
changes in at least one of position and intensity of the one
or more speckle lobes as a function of the light amplitude
modulation. The pump modulation can also be a light
polarization or wavelength modulation, and the sensor can
be further configured to detect the changes in at least one of
position and intensity of the one or more speckle lobes as a
function of the light polarization or wavelength modulation,
respectively. The pump light source can be further config-
ured to irradiate the target specimen with a plurality of
wavelengths of pump light simultaneously. The plurality of
wavelengths can be at different locations of the target
specimen or at least partially overlapping at the target
specimen. The pump light source can be further configured
to modulate light amplitude of the plurality of wavelengths
at respective, mutually distinct light amplitude modulation
frequencies.

The pump light source can be configured to irradiate the
target specimen with pumped light of a fixed wavelength,
with pump modulation being pump light amplitude modu-
lation, and the pump light source can be further configured
to output the light at a plurality of amplitude modulation
frequencies. The sensor can be configured to detect changes
in at least one of position and intensity of the one or more
speckle lobes correlated with the plurality of frequencies of
the light amplitude modulation. The processor can be further
configured to determine a thermal diffusivity of the target
specimen based on the changes in at least one of position and
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intensity of the one or more speckle lobes correlated with the
plurality of frequencies of the light amplitude modulation.
The pump modulation of the pump light source can have a
time profile that is sinusoidal or rectangular. The pump light
source can be further configured to generate a speckle
pattern from a given region of the target specimen, and the
sensor can be further configured to detect changes in at least
one of position and intensity of the one or more speckle
lobes at different positions in the given regions of the target
specimen. The probe light source can be further configured
to generate the speckle pattern from a position inside the
target specimen, the probe light passing through an outer
surface of the target specimen to the position inside the
target specimen.

The sensor can include an array of detector elements. The
detector elements can be photomultiplier tubes (PMTS),
CCD array elements, CMOS array elements, photodiode
array elements, or photosensitive fibers. The pump light
source can be a pulsed laser. The pump light source can also
be a continuous wave (CW) laser, and the device can further
comprise a light modulator configured to modulate ampli-
tude of light from the pump light source. The probe light
source can be configured to have a wavelength that is
substantially non-absorbing at the target specimen. A wave-
length of the pump light source and a wavelength of the
probe light source can be mutually distinct. The pump light
source can be further configured to be tunable in wavelength
over a region of wavelengths overlapping with an absorption
region of the target specimen. The pump light source can be
an infrared laser and can have a wavelength in a range of
about 8 um to about 12 pm. The infrared laser can be at least
one of'a CO, laser, a quantum cascade laser, and a dye laser.
The pump light source can also be an ultraviolet or visible
laser. The processor can be configured to determine a
thermal diffusivity of the target specimen based on the
changes in at least one of position and intensity of the one
or more speckle lobes correlated with the pump modulation.

In another embodiment, a method, and corresponding
device, includes modulating a pump light source at a pump
modulation and irradiating a target specimen with light from
the pump light source. The method can also include gener-
ating a probe light speckle pattern from the target specimen
and detecting changes in positions of one or more speckle
lobes of the speckle pattern having correlation with the
pump modulation.

In yet another embodiment, a device includes means for
modulating a pump light source and means for irradiating a
target specimen with light from the pump light source. The
device can also include means for generating a probe light
speckle pattern from the target specimen and means for
detecting changes in positions of one or more speckle lobes
of the speckle pattern having correlation with the pump
modulation.

In still a further embodiment, a method, and correspond-
ing device, includes irradiating a target specimen with light
from a pump light source, as well as observing a probe light
speckle pattern based on light from a probe light source
reflected from the target specimen. The method can also
include determining a material property of the target speci-
men by analyzing changes in images of the probe speckle
pattern as a function of the irradiation with the pump light
source.

In yet a further embodiment, a device, and corresponding
method, includes a pump light source configured to irradiate
a target specimen and a sensor configured to observe a probe
speckle pattern based on light from a probe light source
reflected from the target specimen. The device can also
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include a correlator configured to determine a material
property of the target specimen by analyzing changes in
images of the probe speckle pattern as a function of the
irradiation with the pump light source.

The material property can be an absorption spectrum or
portion thereof, a thermal diffusivity or class of thermal
diffusivities. or a general material class of the target speci-
men. The pump light source can be configured to be modu-
lated periodically, and the periodic modulation can include
either a single modulation frequency or a plurality of modu-
lation frequencies. The probe light source can be an ultra-
violet or visible light source.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be apparent from the following more
particular description of example embodiments of the inven-
tion, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout
the different views. The drawings are not necessarily to
scale, emphasis instead being placed upon illustrating
embodiments of the present invention.

FIG. 1A is a schematic illustration of an embodiment
device that can be used for remote sensing of target speci-
mens.

FIG. 1B illustrates an embodiment device in which
images with the pump light source on and off are subtracted
from each other to obtain a photothermal speckle change.

FIG. 1C illustrates and embodiments device configured to
generate a speckle pattern from a position inside a target
specimen.

FIG. 1D is a schematic diagram illustrating an embodi-
ment device used for testing, the device incorporating a
quantum cascade laser (QCL) pump light source and a
complementary metal-oxide semiconductor (CMOS) 16 bit
camera sensor.

FIG. 1E includes speckle images and a graph showing
processed signals, the images and graph illustrating example
data analysis performed using embodiment devices and
methods.

FIG. 1F is a flow diagram illustrating a method according
to an embodiment.

FIG. 1G is a flow diagram illustrating a method according
to an embodiment.

FIG. 2 illustrates pump light amplitude and wavelength
modulation and corresponding changes in speckle lobe
position.

FIG. 3A illustrates pump light duty cycles that are long
with respect to a thermal diffusion time of a target specimen
and a timeframe of blurring of a speckle pattern.

FIG. 3B illustrates pump light duty cycles that are short
with respect to a thermal diffusion time of a target specimen
and a timeframe of blurring of a speckle pattern.

FIG. 4A illustrates an embodiment device with a pump
light source configured to output multiple wavelengths of
pump light simultaneously.

FIG. 4B illustrates the multiple wavelengths of pump
light shown in FIG. 4A overlapping with probe light but not
overlapping with each other.

FIG. 4C illustrates the multiple wavelengths of pump
light shown in FIG. 4A overlapping with the probe light and
with each other.

FIG. 4D illustrates different pump light amplitude modu-
lation frequencies for the different pump light wavelengths
illustrated in FIG. 4A.
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FIG. 5A illustrates an embodiment device configured to
differentiate various chemical target species based on
absorption spectrum.

FIG. 5B illustrates example speckle modulation ampli-
tudes that can be used to distinguish between different target
materials, using the device of FIG. 5A, on the basis of
absorption spectrum.

FIG. 5C illustrates an example device configured to
remotely distinguish between classes of target materials on
the basis of thermal diffusivity.

FIG. 5D illustrates example data that can be used to
differentiate target materials, using the device of FIG. 5C,
based on variation of speckle data with frequency due to
thermal diffusivity.

FIG. 5E is a graph illustrating how example germanium
(Ge) and potassium bromide (KBr) substrates can be dis-
tinguished using frequency-based thermal diffusivity dis-
crimination as illustrated in FIG. 5D.

FIG. 6 is a graph illustrating calculated frequency
responses that can be exploited by embodiment devices and
methods to differentiate between various classes of materials
or determine a material property.

FIGS. 7A-7C are graphs illustrating photothermal speckle
modulation (PSM) spectra of various thin films on transpar-
ent KBr substrates, the spectra obtained using an embodi-
ment device.

FIG. 7D is a graph illustrating a PSM spectrum of
Poly(methyl methacrylate) (PMMA) microspheres on a
stainless steel, absorbing substrate, the spectrum obtained
using an embodiment device.

FIG. 8A is a graph illustrating how a PSM signal can be
obtained with a high degree of sensitivity and noise reduc-
tion.

FIG. 8B is a graph illustrating that, with appropriate
definition, PSM signal proportional to pump light power and
can be normalized with respect to power.

FIG. 9A is a photograph illustrating target PMMA spheres
dispersed on a KBr substrate to demonstrate detection of
microparticles using embodiment devices and methods.

FIG. 9B is a set of graphs comparing measured PSM
signals for higher and lower density clumps, respectively, of
the PMMA microparticles illustrated in FIG. 9A with an
absorption spectrum measured for a thin PMMA film.

FIG. 10A illustrates example speckle pattern changes for
frequency-based measurements obtained according to
embodiment methods.

FIG. 10B is a graph illustrating example speckle pattern
changes expected for time-based measurements.

FIG. 11A is a schematic diagram illustrating a device
configured to perform time-based PSM measurements.

FIG. 11B is a graph illustrating relative on and off times
for operating the pump laser and the camera illustrated in
FIG. 11A with a pump laser duty cycle that is long in
comparison with a thermal diffusion time of the target
sample.

FIGS. 11C-11D are photographs indicating measurement
positions for metal and plywood surfaces, respectively,
painted to look the same.

FIG. 11E is a graph illustrating contrast as a function of
time for the measurement positions indicated in FIGS.
11C-11D.

FIGS. 12A-12F illustrate assumptions and calculation
results for thermo-mechanical modeling used to understand
results obtained using embodiment devices and methods.

DETAILED DESCRIPTION

A description of example embodiments of the invention
follows.
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The current disclosure describes methods and devices for
obtaining optical absorption information for materials on
surfaces in a non-contact manner using laser illumination.
Embodiments can be used for detecting contamination of
surfaces with hazardous materials (e.g. explosives or chemi-
cal warfare agents) or for doing material identification (e.g.,
of paints or other coatings). Embodiment devices and meth-
ods can also be used to nondestructively test surfaces for
variation in optical absorption, thermal diffusivity, and to
detect subsurface features that cause variation in the
response of the surface to the absorption of illuminating
radiation.

Embodiments can take advantage of photothermal modu-
lation of a laser speckle pattern emanating from a surface of
a target specimen, which is also referred to herein as
“photothermal speckle modulation” (PSM). The approach
can include simultaneous illumination of the target with at
least two separate light wavelengths from, for example, laser
light sources. The first laser wavelength, called the “pump”
wavelength, can be absorbed at the surface of the target
specimen material of interest. Many pump wavelengths can
be used, and it is particularly advantageous to use pump
wavelengths in the long-wave-infrared (IR) (7-12 pum in
wavelength), where many materials of interest have highly
specific absorption signatures. However, in various embodi-
ments, other pump wavelength ranges can be used, such as
near infrared or other wavelength regions in which materials
of interest exhibit absorption. When the pump wavelength
illuminates an absorbing target surface, that surface will be
heated by the absorbed radiation. It is then useful to read out
the heat deposition on the surface, i.e., evaluate the degree
of absorption and response. This readout can be accom-
plished by a second laser illumination, called the “probe.”
The probe laser can be sufficiently coherent to generate a
laser speckle pattern from the surface.

Laser speckle pattern denotes a spatially non-uniform
scattering pattern that results from illumination of a rough
surface with coherent light, the surface being rough in
comparison with the probe laser wavelength. The laser
speckle pattern from a target surface is highly dependent on
the details of the surface roughness and material refractive
index at the surface. By heating the surface with the pump
laser, the appearance of the laser speckle from the surface
due to thermal expansion and index change can be altered,
and the change in speckle as the pump laser is modulated can
be detected. This change in speckle relates to the absorption
of the pump wavelength, and, therefore, can be used to
understand the optical absorption properties of the surface at
the pump wavelength. By tuning the pump wavelength and
performing this measurement at each wavelength, the opti-
cal absorption spectrum of the target surface can be mea-
sured.

This photothermal speckle process offers a number of
advantages over existing techniques for probing the infrared
absorption features of a surface One class of existing tech-
niques can be referred to as reflectance spectroscopy. IR
reflectance spectroscopy directly detects back-scattered
radiation at the pump wavelength, which can also be used to
determine the optical properties of the surface. The advan-
tages of photothermal speckle modulation (PSM) as dis-
closed herein are particularly apparent for wavelength com-
bination including a pump wavelength in the long wave
infrared (LWIR, e.g., 7-12 pm) range to match absorption
features of interest and a probe wavelength in the visible-
SWIR (0.5-1.5 pm).

Key advantages of PSM compared to detecting backscat-
tered LWIR include the following. No LWIR photodetector
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is required. In general, LWIR photodetectors are expensive,
have high noise, and require cryogenic temperatures to
operate. Visible and SWIR photodetectors are low cost and
high performance, and they operate at or near room tem-
perature, because they can detect much higher photon ener-
gies, which is fundamentally less challenging. Direct sample
absorption can be detected, rather than backscatter. Absorp-
tion signatures are more straightforward to interpret com-
pared to scattering signatures. The LWIR illumination only
needs to propagate from the transmitter to the target, while
any visible or SWIR light used a probe, for example,
propagates both from the transmitter to the target, and then
back to the receiver (sensor). LWIR absorption in the
atmosphere is typically much greater than optimally-se-
lected visible or SWIR wavelengths. In addition to the
absorption information, by adjusting the rate of modulation
of'the pump beam and looking for the associated modulation
transfer to the probe beam, information about the thermal
time constants of the surface can be accessed. This may
provide an additional dimension of information for material
identification or for detecting subsurface features. Thus,
embodiment methods and devices can take advantage of
using visible or SWIR wavelengths for a probe light source,
with advantages that include lower atmospheric absorption
and the ability to detect probe light using sensor arrays that
are relatively inexpensive and easy to use.

Other advantages include the following. Embodiment
devices and methods can also be highly sensitive. If a probe
laser is chosen that has low noise at the modulation fre-
quency of the pump beam, and if appropriate probe intensity
is available, then the probe return can be chosen to be large
compared to detector noise (eliminating the detector noise’s
effect on sensitivity) and the shot noise in the probe beam
can be made smaller than the modulation transferred from
the pump beam. This approach can then reach the ultimate
sensitivity limit: the shot noise associated with the absorp-
tion process at the target. For applications such as long range
standoff detection where there are practical constraints on
the transmit/receive aperture size, this approach can lead to
improved spatial resolution on target because the probe
wavelength can be significantly shorter than the pump
wavelength. For example, if the pump wavelength is 10 pm
and the probe (readout) wavelength is 0.5 um, a common
transmit/receive aperture could resolve ~20x20 subregions
within the 10 pm illuminated spot. Higher resolution mate-
rial ID on target potentially reduces signature clutter and
improves discrimination in targets with non-uniform mate-
rial composition versus position.

A second class of techniques that probe infrared absorp-
tion are alternative photothermal approaches that involve
measurement of changes in the thermal emission of the
surface (measured using infrared radiometry) as a function
of'incident wavelength. These techniques can either measure
the total change in thermally radiated power associated with
the temperature rise of the surface or they can measure the
change in the spectrum of the blackbody emission, modu-
lated by the characteristic emissivity of the surface material.

PSM imaging has advantages relative to thermal radiance
measurements including the following. Using a vis-SWIR
probe wavelength results in higher spatial resolution. Fur-
ther, use of visible and SWIR focal planes in comparison
with LWIR focal planes has the advantages described above.
Also, imaging can be sensitive to much smaller temperature
changes with PSM than with thermal radiance approaches.

In addition to applications in trace detection, embodiment
devices and methods can have applicability to a wide range
of non-destructive analysis, where material composition,
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subsurface features, and thermal time constant are of interest
and can be obtained remotely and with high sensitivity. For
example, applications can include inspection of composites,
ceramics and other materials used in manufacturing of
electronics, aircraft, and other fields, or analysis of pharma-
ceutical and chemical manufacturing process lines.

Embodiment measurement devices and techniques
described herein are fundamentally different from an exist-
ing photothermal speckle technique used to image blood
flow. The existing technique relies on measuring speckle
blurring (i.e., a decrease in contrast of the speckle image
caused by an increase in motion of scattering particles due
to a photothermal excitation. In contrast to the existing blood
flow imaging technique, and in accordance with embodi-
ments described herein, the speckle contrast can remain
nearly constant while small changes induced by modulation
of pump light can be correlated with the modulation to
obtain target material information. A modulation transfer
technique can be applied to measure speckle fluctuations
correlated to the pump modulation frequency. For some
embodiments, the pump modulation can occur on time
scales shorter than a time scale for longer-term speckle
blurring due to thermal absorption at the target surface or to
environmental effects, for example. Furthermore, based on
using detection and imaging of speckle, embodiments
described herein can enable spectroscopic target materials
identification or distinguishing targets based on material
properties, which have not been demonstrated with other
photothermal speckle measurement techniques.

FIG. 1A illustrates a device 100 that includes a pump light
source 102, a probe light source 106, and a sensor 110. The
pump light source 102 is configured to be modulated at a
pump modulation (here, a light amplitude modulation 120)
and to irradiate a target specimen 112 with pump light 104.
In some embodiments described hereinafter, the pump light
source can be configured to be tunable in wavelength over
a region of wavelengths overlapping with an absorption
region of the target specimen, such as absorption peak.
Infrared pump light source wavelengths can be particularly
useful, since many potential targets of interest have absorp-
tion regions in the infrared wavelengths. For example, a
pump light source can have a wavelength in a range of about
8 um to about 12 pum, for example. A pump light source can
be an infrared laser such as a CO, laser, a quantum cascade
laser, a diode laser, or a dye laser. Furthermore, in other
embodiments, a pump light source can be an ultraviolet or
visible laser where there is sufficient absorption of these
wavelengths by potential target specimens, such that probe
light can be deflected due absorption of the pump wave-
length by the target.

The probe light source 106 is arranged to generate a
speckle pattern from the target 112 by irradiating the target
112 with probe light 108. In particular, the probe light 108
gives rise to a speckle pattern 114 that is generated from the
target 112. As understood in the art of optics, speckle lobes
can be observed in light with at least some coherence that is
diffusely reflected from a target. Such speckle lobes are
essentially locations of constructive interference in an inten-
sity pattern produced as a result of the diffuse or partially
diffuse reflection. Moreover, in accordance with embodi-
ments described herein, variation in position of the speckle
lobes due to thermal variation in a target due to turning
pump light source on or off can be exploited to determine an
absorption spectrum or other property of a target specimen
to identify the target specimen, even remotely.

The sensor 110 is configured to detect changes in position
of'one or more speckle lobes of the speckle pattern 114. This
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detection can also be referred to as observing the probe
speckle pattern based on light from the probe light source
reflected from the target specimen. Changes 118 in positions
of the one or more speckle lobes have correlation with the
pump modulation. In some embodiments, a center position
of each speckle lobe may be tracked over time, for example.
Then a Fourier analysis may be performed to determine
frequency dependence of each speckle lobe, particularly any
frequency component that is correlated with the pump
modulation. However, if pixels in a detector array are
analyzed over time, the pixel values or light intensities
reflected by the pixel values will have the same frequency
dependence as the speckle lobe positions. Thus, a potentially
faster, and less computationally intensive, approach to deter-
mining correlation of speckle lobe changes with pump
modulation can include performing frequency analysis (e.g.,
Fourier analysis) of detected light intensities (represented by
sensor pixel values). This more direct, pixel intensity-based
approach is further described hereinafter.

It should be understood that, where frequency analysis or
correlation of pixel values (detected light intensities) is
described herein, analysis or correlation of positions of
speckle lobes on a pixel array, for example, may be per-
formed instead of, or in addition to, the analysis or corre-
lation of pixel values. Furthermore, it will be understood that
changes in positions of speckle lobes result in changes of
pixel values (light intensity values) at various pixel posi-
tions. Therefore, changes in position can be detected by
reference to light intensities measured in pixel values, for
example. Therefore, changes in position and changes in
intensity may also be referred to interchangeably herein.
Nevertheless, changes in speckle lobe intensity can also
occur independent of any motion of the speckle lobe at the
detector (pixel) array. For example, in some cases, modu-
lation of pump light incident at the target surface to be
analyzed can result principally in intensity changes of
speckle lobes, instead of motion, due to interference effects
resulting from the target surface flexing, for example. These
intensity changes also can be correlated with the pump
modulation according to embodiment devices and methods.

In some embodiments, the sensor 110 is configured to
detect the changes in position or intensity (or both) of the
speckle lobes on a timescale shorter than a timescale of
blurring of the speckle pattern, as illustrated hereinafter. In
some embodiments, such as that shown in FIG. 1B, the
sensor is a camera with a pixel array. In various embodi-
ments, a sensor can include either a single detector element,
such as a photomultiplier tube (PMT) or an array of detector
elements, such as CCD array elements, CMOS array ele-
ments, photodiode array elements, or photosensitive fibers.

The pump light source 106 is configured to be modulated
at a pump modulation. FIG. 1A also illustrates an example
modulation 120 of the pump light source 102. As used
herein, “modulation” indicates a periodic or cyclic change in
light 104 from the pump light source 102 that occurs over
two or more cycles. In particular, the pump light amplitude
of the pump light 104 can be periodic and can follow a
square wave pattern with a zero offset, as illustrated in FIGS.
10A-10B, for example. However, in other embodiments, the
pump light source modulation is defined by a sine wave, as
illustrated in FIG. 2A, or another functional pattern. Modu-
lation of the pump light source can be modulation of, for
example, wavelength or polarization of the pump light 104
instead of amplitude modulation. In FIG. 1A, the pump light
source 102 is off, for zero pump light amplitude (zero offset)
during a time period 121a, and the pump light source is on
during a time period 1215.
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While the pump light source can be modulated in many
embodiments, in other embodiments, such as those illus-
trated in FIG. 10B and FIGS. 11A-11B, a pump light source
need not be an “modulated,” but instead can be simply
turned on and then off at appropriate times without a
periodic change. For example, the pump light can be turned
on or off at certain times with respect to a camera sensor
detecting images, for example. The pump light source is
further configured to irradiate the target specimen 112 with
the pump light 104 by directing the pump light to the target
specimen 112. In some embodiments, the pump light source
102 is a laser that is pointed at the target specimen. In some
embodiments, a non-laser pump light source can be used,
and appropriate optical components can be used to direct
and focus the pump light 104 to the surface of the target
specimen. The probe light 108 and pump light 104 typically
overlap completely or partially at the surface 109 of the
target specimen, such that absorption of pump light by the
target specimen produces the largest possible heating dis-
tortion of the surface 109 of the target, and, consequently,
the greatest deflection of the probe light 108. While very
short duty cycles can be provided by, for example, pulsed
laser pump light sources, the light output from continuous
wave (cw) lasers can also be modulated using an optical
chopper, for example, that is separate from the cw laser.

FIG. 1A also illustrates an example speckle pattern 114
generated by the probe light source 106 from the target 112.
In particular, individual speckle lobes 116a (shaded rela-
tively darker) are shown during the time 121a when the
pump light source 102 is off or the light amplitude is at a
minimum on the curve 120. The speckle pattern 114 also
shows spatially shifted speckle lobes 1165 (shaded relatively
lighter) during the time 1215 when the pump light source
102 is on (pump light amplitude shown in the curve 120 is
at a maximum). An example change 118 in position of a
speckle lobe is also shown in the speckle pattern 114, and the
difference in position is between the time when the pump
light source is on and the pump light source is off. The
changes 118 in position of the speckle lobes have correlation
with the pump modulation 120 because the positions of the
speckle lobes change each time the pump light is turned on
or off in the example modulation 120. The positions of the
speckle lobes change in response to the variation or modu-
lation in the pump light. Other changes in positions or
intensities of the speckle lobes may also occur indepen-
dently of pump light modulation. For example, air currents
between the pump and probe light sources and the target or
between the target and the sensor can affect light wavefront
and the speckle pattern. Furthermore, some thermal changes
in the target specimen 112 can be independent of pump light
modulation and can cause other changes in positions or
intensities of speckle lobes that do not have any correlation
with pump modulation.

As described in more detail hereinafter, some embodi-
ments include capability to determine the particular corre-
lation of the changes in speckle lobe positions with pump
modulation. In FIG. 1A, a correlator 117 can receive infor-
mation about pump light modulation (e.g., frequency of
modulation) and speckle pattern 114 images over time. The
correlator 117 can include a processor that can perform a
Fast Fourier Transform (FFT) on the recorded variation of
speckle pattern position with time to determine which
changes occur at the same frequency as the pump light
modulation 120. Thus, the correlator 117 can perform a
frequency analysis to determine the correlation of the
changes in positions of the speckle lobes with the pump
modulation frequency. Furthermore, in some embodiments,
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a correlator can include a lock-in amplifier can be used to
selectively amplify frequency components in the speckle
pattern position changes that have correlation with the pump
light modulation, for example.

Furthermore, a correlator as illustrated in FIG. 1A can
have other functions, such as determining a material prop-
erty of the target specimen based on the changes in positions
of the speckle lobes. For example, in some embodiments, a
material property that is determined by the correlator can
include a material class (e.g., metal, plastic, composite, etc.),
absorption spectrum, thermal diffusivity, or CTE. The cor-
relator 117 (e.g., processor therein) can be configured to
identify a material class of the target specimen based on, for
example, absorption spectrum or thermal diffusivity or other
material properties, which can affect how strongly the posi-
tions of the one or more sparkle lobes change in response to
pump light modulation. Determination of material properties
using embodiment devices and methods is further included
hereinafter in the description of FIG. 6.

Thus, the correlator 117 can be configured to output
information about the target material, such as a class of
materials (e.g., plastic, metal, etc.) to which the target
specimen belongs. Even in other embodiments in which
pump light is not modulated, a material property of the target
specimen, such as a class of materials or a class of thermal
diffusivities of the target specimen can be determined by
analyzing changes in images of the probe speckle pattern as
a function of the irradiation with the pump light source. In
some embodiments, analyzing changes in the probe speckle
pattern as a function of the irradiation with the pump light
source includes determining a correlation of the changes
with the pump modulation. However, in other embodiments,
analyzing the changes as a function of the pump light
irradiation includes only determining the change to speckle
pattern images between the pump light being turned on and
then off.

Pump light 104 absorbed by the target 112 causes a
temperature rise the target specimen 112, and the target
consequently expands, causing a surface 109 of the target to
be distorted. Co-incident onto the same area or spot of the
target as the pump light 104 is the probe light 108. Scattering
from the surface 109 leads to light 113 that gives rise to the
speckle pattern 114 that is detected by the sensor 110. In one
embodiment, for example, the pump light source 102 can be
an infrared laser or other infrared source of light that can be
absorbed by the target 112. One example wavelength is 7.8
um, and one example range of modulation frequencies is
11-20 Hz. In other embodiments, modulation frequencies
can be higher, such as a few hundred or a few thousand
Hertz, or lower. In some embodiments, the probe light
source 106 can output light 108 that is in the visible
wavelength range, such as, for example, 532 nm. The
speckle pattern changes (motion and/or changes in intensity)
can be periodic with the same frequency as the modulation
of the pump light source 102.

FIG. 1B is a schematic illustration of an embodiment of
the device 100 illustrated in FIG. 1A. A two-color laser
system with both pump and probe wavelengths that can
simultaneously illuminate the target 112. A camera 111 reads
out the target speckle image in a non-contact manner. It is
preferable for the pump and probe wavelengths to be mutu-
ally distinct, such that the probe wavelength is not absorbed
by the target specimen, whereas the pump wavelength can
be absorbed, at least as a function of wavelength. Speckle
pattern images 114" and 114' with and without, respectively,
the pump light illuminating the target, are subtracted at 118
to obtain a photothermal difference image 114" whose dif-
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ference is related to the pump absorption. The subtraction
can take place in, for example, a correlator such as the
correlator 117 illustrated in FIG. 1A, or any processor
capable of performing calculations on image data. This
modulation can be done at low speed with subsequent
frames of a video imager, or at high speed (MHz or faster)
using a high frequency detector and lock-in amplifier or
other more sophisticated signal processing.

High speed differencing can be used to remove artifacts
due to motion at slow timescales, e.g. motion of the target or
atmospheric perturbations on the path from transmitter to
target or from target to sensor. Motion of the target or
atmospheric perturbations can result in blurring of the
speckle pattern that is unrelated to the target specimen
absorbing pump light. Ultimately, a focal plane capable of
high speed frame differencing can provide simultaneous
wide field imaging coverage and high frequency modulation
capability, though such imagers may be beyond the present
commercial state-of-the-art.

In FIG. 1B, the sensor is a camera 111 that is configured
to be sensitive only to light from the probe 106. In box 107a,
a speckle pattern 114' is illustrated being provided by the
camera 111 at a time when the pump light 104 is off. In
contrast, the box 1075 illustrates a speckle pattern image
114" obtained from the camera 111 when the pump light
source 102 is on and providing pump light 104 to illuminate
the target 112. Alternating recordings of the speckle pattern
114' and 114" are thus obtained with the pump light source
102 on and off. The images 114' in 114" are subtracted
electronically at 118 to produce a speckle pattern image
change 114 that is related to the absorption of the pump light
by the target 112. In embodiments illustrated hereinafter, the
values from individual pixels of the camera 111 over time
are separately analyzed by means of a Fast Fourier Trans-
form (FFT), and then the FFTs from individual pixels are
averaged to produce an average FFT spectrum. Furthermore,
in other embodiments, a high-speed single point detector
that samples a small portion of the speckle pattern can be
used. In the case of a high-speed single point detector, a
higher frequency modulation of the speckle pattern can be
read and recorded than in the case of the camera 111.

FIG. 1C illustrates an embodiment in which the probe
light source 106 is configured to generate the speckle pattern
from a position 122 inside a target specimen 112'. The probe
light 108 passes through an outer surface 116 of the target
specimen 112 to the position 122 inside the target specimen.
Light 104 from the pump light source 102 illuminates, and
is absorbed in, the region 122, and reflected light 113 is
captured by the sensor 110. The embodiment of FIG. 1E can
be useful, for example, where the surface 116 of the target
112' is transparent to the pump light 104 and probe light 108,
but where some pump light 104 is absorbed in the region
122, and some probe light 108 produces a speckle in the
region 122 that can be detected by the sensor 110. For
example, this technique can be applied for subepidermal
imaging applications, wherein the pump and probe light
wavelengths can be chosen to transmit through the outer
skin layer but be absorbed by vascular layers beneath the
skin.

FIG. 1D is a schematic diagram illustrating an embodi-
ment device used for testing. The device incorporates a
quantum cascade laser (QCL) pump light source 102 tunable
over wavelengths ranging from 7.4 to 8.4 um. The device
also incorporates an ANDOR Zyla complementary metal-
oxide semiconductor (CMOS) 16 bit camera sensor 111. The
target specimens were positioned in a non-contact manner,
roughly 2.5 meters from the pump laser source and the light
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collection optics. Both the pump and probe laser powers
were in the range of 1-10 milliwatts. A 160 mm focal length
lens 154 with f-stop set to 4 was used to collect the scattered
probe beam light and direct it towards the CMOS camera. In
other embodiments, with appropriate collection optics, dis-
tances can be much greater than 2.5 meters, enabling a wide
variety of remote sensing applications.

FIG. 1E illustrates an example analysis process that was
used to extract final PSM signals from raw data collected by
the camera 111 in the experimental device of FIG. 1D. The
data processing illustrated in FIG. 1E was performed by a
computer processor to extract a final PSM signal 156 from
raw camera images 115. Raw camera frames 115 of 100x100
pixels showing speckle patterns 114 resulting from probe
light 108 reflected from the target specimen 112 were
typically collected at 50 Hz frame rate. The two-dimensional
images were collected over time t as the speckle pattern
changed in response to pump light amplitude modulation.
The processor then performed an FFT on the values for each
pixel in the images 115. The FFT values for each pixel were
then averaged over all pixels to obtain the averaged FFT
magnitude 156 illustrated in FIG. 1E on the graph 155. This
analysis process is further described hereinafter in the
description of FIGS. 8A-8B.

In the FFT spectrum 156 illustrated in FIG. 1E, a peak
occurs at a single frequency, namely the 22 Hz modulation
frequency of the pump light source used for experimental
purposes. However, modulation frequency can be varied
over time, as illustrated, for example, in FIGS. 5E, 6, and
10A. In these cases, a peak in FFT magnitude can occur at
a different frequency at different times. The different peak
sizes at different modulation frequencies can then be ana-
lyzed as a probe of thermal diffusivity of the target speci-
men, as illustrated in FIG. 5D, for example.

Furthermore, in yet other embodiments, multiple modu-
lation frequencies can be used simultaneously, as illustrated
in FIGS. 4C and 4D, for example. In these cases, multiple
peaks can occur in the same FFT magnitude spectrum at
distinct frequencies, instead of the single peak 156 illus-
trated in FIG. 1E. Similarly, in these cases, the difference in
peak height can yield information about frequency behavior
and thermal diffusivity of the target specimen. In cases in
which multiple modulation frequencies correspond to dif-
ferent pump laser wavelengths, as illustrated in FIGS. 4A
and 4B, multiple peaks can occur in the FFT magnitude
spectrum, providing spectral absorption information for the
target sample.

FIG. 1F is a flow diagram illustrating an embodiment
method that can be performed using the device 100 illus-
trated in FIG. 1A, for example. At 119q, the pump light
source 106 is modulated to produce modulated pump light,
as illustrated by the specific case of amplitude modulation
120 in FIG. 1A, for example. At 1195, a target specimen
such as the specimen 112 is irradiated with the modulated
light from the pump light source. At 119¢, a probe light
speckle pattern such as the speckle pattern 114 illustrated in
FIG. 114 is generated from the target specimen. At 1194,
changes in positions of one or more speckle lobes of the
speckle pattern having correlation with the pump modula-
tion are detected.

FIG. 1G is a flow diagram illustrating an embodiment
method of remote detection. The method illustrated in FIG.
1G can also be performed using the device illustrated in FIG.
1A, for example. At 123aq, a target specimen is irradiated
with light from a pump light source. At 1235, a probe light
speckle pattern is observed based on light from a probe light
source, with the probe light reflected from the target speci-
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men. At 123¢, a material property of the target specimen is
determined by analyzing changes in images of the probe
speckle pattern as a function of the irradiation with the pump
light source.

Material properties that can affect pump light absorption
by the target specimen can include, for example, chemical
composition, absorption spectrum, a range of thermal dif-
fusivities, or a material class such as metal or plastic. For
example, in one embodiment, a target specimen can be
irradiated with an amplitude-modulated pump light source at
a particular pump wavelength. The target specimen is also
co-illuminated with light from a probe light source. Changes
in positions of one or more speckle lobes of the speckle
pattern that occur at the modulation frequency can be
detected and differentiated from changes that may occur for
other reasons such as deflection of light due to air distur-
bances of target thermal drift. The modulation period can be
shorter than a time scale of blurring of the speckle pattern in
some cases. The intensity of the changes in positions can
then be quantified, for example, using the previously
described FFT algorithm. The pump light source can be
tuned to one or more other wavelengths, and the same steps
can be repeated at each chosen wavelength in a wavelength
range of interest. The quantified intensities of the changes in
positions at various wavelengths can be correlated to the
absorption spectrum of the target specimen.

In another embodiment, a material class of the target
material can be determined as follows. A sample can be
irradiated with an amplitude-modulated pump laser at a
particular pump wavelength. Changes in positions of one or
more speckle lobes of the speckle pattern can then be
detected at the modulation frequency, and the modulation
period can be on a time scale shorter than a time scale of
blurring of the speckle pattern due to thermal input to the
target or due to environmental changes, for example. The
intensity of the changes in positions is then quantified, for
example, using the previously described FFT algorithm. The
amplitude modulation frequency can then be changed, and
the irradiation and quantification can be repeated at each
chosen modulation frequency. Typical modulation frequen-
cies of interest can range from 10 Hz-1000 Hz, for example.
The intensities thus computed as a function of pump modu-
lation frequency will generally be different for different
classes of materials and can, thus, be used to distinguish one
target material from another. Example calculations showing
how signal intensities are expected to scale for different
materials are illustrated in FIG. 6. In other embodiments, for
example, the pump light source need not be modulated
periodically, but only turned on and then off at particular
times. A material class such as metal versus wood, can then
be determined. Such an embodiment that does not require
modulation is illustrated, for example, in FIGS. 11A-11E. In
such embodiments, a correlator such as the correlator 117 in
FIG. 1A or another processor can determine the material
property by analyzing changes in the images of the probe
speckle pattern as a function of the irradiation with the pump
light source.

FIG. 2 illustrates two different types of pump light source
modulation. For example, the pump light amplitude 222 is
modulated in time with sine wave modulation having a
non-zero offset. One example timescale for modulation of
the pump light source is the time difference between mini-
mum in amplitude and time t, and a maximum in amplitude
at time tz (a half modulation cycle period 224), but other
example timescales for modulation can include a full modu-
lation period, several full modulations periods, or a fraction
of the half period 224 in which pump light amplitude
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changes such that the periodic effect in the speckle lobe
position 229 can be measured.

FIG. 2 also shows an example wavelength modulation
225, in which the pump wavelength A is modulated. In this
example wavelength modulation 225, the modulation period
(twice the half-cycle period 224) is the same as for the
amplitude modulation 222 for convenience of illustration.
An example absorption feature 227 of an absorption spec-
trum of a target specimen is also illustrated. As the pump
wavelength is modulated over time, the wavelength is closer
to a peak of the absorption feature 227 or further away from
the peak, resulting in varying absorption over time. Note
that, in the example where the pump wavelength is modu-
lated and the pump laser amplitude remains the same, the
speckle modulation signal will be proportional to the deriva-
tive of the absorption versus wavelength. This is in contrast
to the case of amplitude modulation, in which the speckle
modulation signal will be proportional to the absorption.

Thus, in instances in which absorption wavelengths of
potential targets are known, pump wavelength can be modu-
lated near wavelength regions on absorption features of
potential targets to look for correlated variation in speckle
lobes of a speckle pattern. A tunable laser can be used, for
example, for pump wavelength modulation over time. Fur-
thermore, in other cases, the modulation of the wavelength
may cover a larger portion of the absorption feature 227, or
even the entire absorption feature 227. Nevertheless, in
cases where it is desirable to distinguish between multiple
materials in the target specimen with closely spaced absorp-
tion features, it is preferable to modulate the pump wave-
length as indicated in FIG. 2 over a small portion of the
absorption feature 227.

FIG. 2 also includes a graph illustrating an example
position 229 of a speckle lobe in a speckle pattern over time
when modulated with either a pump light amplitude modu-
lation or a pump wavelength modulation, respectively. As
illustrated in FIG. 2D, an example change in position 118 of
the speckle lobe is correlated with the pump modulation,
whether modulation of light amplitude or modulation of
wavelength of the pump light source. Note that, in the case
of amplitude modulation, the speckle lobe position changes
in proportion to absorption at the pump wavelength, whereas
for wavelength modulation, the speckle lobe change is
proportional to the derivative of the absorption spectrum.
Thus, the example position 229 of the speckle lobe with the
modulated pump light source on is correlated with the
modulation period and frequency of the pump light source,
and this correlation can be discerned by using lock-in
amplifier or a processor running at FFT, for example.

However, even with the pump light source off, there can
be some variation in position of a speckle lobe due to
transient thermal, vibrational, or refractive changes. For
example, there can be a thermal transient in the target
specimen 112 illustrated in FIG. 1A. Furthermore, atmo-
spheric conditions can cause some deflection of light irra-
diating the target 112 from the probe light source, and light
traveling from the target 112 toward the sensor 110 can
similarly be impacted by atmospheric conditions. Thus, even
with the pump light off, there can be an example variation
227 in position of the speckle lobe over time. Furthermore,
as the pump light is modulated, the target specimen can
expand or contract or otherwise vary as absorption of the
pump light occurs or as thermal diffusivity or convection
cause thermal relaxation. The example timescale 224 for
modulation of the pump light source can be shorter than an
example timescale 228 of blurring of the speckle pattern,
such that variations in the position of the speckle lobe caused
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by modulation of the pump light source can be distin-
guished. The example timescale 228 for blurring is the
difference in time between a local maximum in speckle lobe
position at time t. and a local minimum in speckle lobe
position at time t,. This blurring can result from environ-
mental deflection of the probe beam due to air currents, or
longer-term heating caused by turning the pump light
source, or to temperature transients in the target that are
unrelated to the pump light source, for example.

These timescales illustrated in FIG. 2 exemplify a differ-
ence between the modulation transfer method described
herein and the existing photothermal speckle imaging based
on measuring a contrast change alone. Methods based on
measuring a contrast change alone can work only if the only
source of speckle motion is the photothermal excitation. In
many applications, for example, measuring a material on a
vibrating surface, such as on a car door with engine running,
the previously reported speckle contrast imaging method
would produce obfuscating results due to the difficulty in
separating photothermally induced speckle contrast changes
with vibration induced speckle contrast changes. In contrast,
the modulation transfer technique described herein can
facilitate excitation of a target at a particular modulation
frequency, and measurement of the resulting speckle modu-
lation only at that frequency, thereby being unaffected by
randomly distributed vibrations occurring at frequencies
other than the pump modulation.

The sensor 110 in FIG. 1A or sensor camera 111 in FIG.
1D can be configured to detect changes in positions of one
or more speckle lobes of the speckle pattern, which are
correlated with the pump modulation, on a timescale shorter
than a timescale of blurring of the speckle pattern. The
example change in position 118 illustrated in FIG. 1A is
representative of the difference between a local peak 2194 of
a position of the speckle lobe and a local valley 2195 of the
position. Thus the example change in position or amplitude
118 can be referred to as a peak-to-valley (PTV) response.

Furthermore, while not illustrated in FIG. 2, some target
specimens can have absorption that is sensitive to light
polarization. Light from a pump light source can be modu-
lated in polarization, and the sensor can be configured to
detect the changes in positions of the speckle lobes as a
function of the light polarization modulation, similar to the
case of the correlation illustrated in FIG. 2 between the
example change 118 in position of the speckle lobe corre-
lated with pump light amplitude modulation or pump wave-
length modulation.

FIGS. 3A-3B illustrate pump light modulation duty cycles
that are long and short, respectively, in comparison with
timeframes for thermal diffusion of a target. “Duty cycle,” as
used herein, denotes a time period during which the pump
light source is irradiating the target specimen. In particular,
FIG. 3A illustrates a relatively long duty cycle 330a (the
time between the start of a pulse at t, and the end of the pulse
at t;) for pump light amplitude modulation. FIG. 3A also
illustrates a corresponding temperature curve 334a for a
given position at the surface of the target specimen during
the duty cycles of the pump light. This temperature curve
334q is directly related to thermal diffusion in the material
of the target specimen. The duty cycle 330a is long in
comparison with the thermal diffusion time of the target
because overall temperature rise in the target following the
start of the duty cycle at t, continues during most of the duty
cycle. Where the duty cycle is long in comparison with the
thermal diffusion time, as in the duty cycle 330qa, tempera-
ture at a given position of the target specimen depends both
on thermal diffusion and on any heating caused by the pump
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light during the duty cycle of the pump light. In this case, the
temperature will continue to rise, so long as the pump laser
is on, until a steady state temperature is reached. In some
embodiments, a long duty cycle can be on the order of 1
second, for example, as further illustrated in FIG. 11B.
However, whether a duty cycle is long or short is deter-
mined, in part, by the thermal diffusion time of the target
specimen material, which can vary significantly for different
materials.

FIG. 3B, in contrast to FIG. 3A, illustrates a short duty
cycle 33056 for pump light pulses. In particular, FIG. 3B
illustrates that in some embodiments, a duty cycle of light
amplitude modulation of the pump light source can be small
in comparison with a thermal diffusion time of the target
specimen. A short duty cycle time period can be very short,
such as in cases where the pump light source is a pulsed laser
having a pulse width in the range of milliseconds, micro-
seconds, nanoseconds, or femtoseconds, for example. How-
ever, in other embodiments, a short duty cycle can be on the
order of fractions of a second, such as tenths or hundredths
of a second, for example. Short duty cycles on the order of
tenths or hundredths of seconds can be provided by optical
choppers that block a pump laser beam at various time
intervals, or by electronic modulation or other types of
modulation, for example. FIG. 3B also illustrates an
example temperature profile 3346 at a given irradiated
position of the target specimen 112 in response to the pump
light excitation of short duty cycle 3305, in which all the
energy is deposited into the target in a very short time scale
relative to thermal diffusion. In this case of short duty cycles,
the temperature first rises very rapidly starting at the begin-
ning t, of the pulse in response to the short pulse at the given
position and then relaxes in temperature over time starting at
the end t; of the pulse. The temperature relaxation extends
over a time period longer than the short-duty-cycle pulse,
and the rate is determined by thermal diffusion time within
the target specimen. In cases of short duty cycles, as in FIG.
3B, there can also be a long-term temperature change as
modulated pump light is turned on. This longer-term effect
is not illustrated in FIG. 3B, but it is illustrated in FIG. 10A.

FIGS. 4A-4D illustrate how multiple wavelengths of
pump light can be used in some embodiments. In particular,
the pump light source can be configured to irradiate the
target specimen with a plurality of wavelengths of pump
light simultaneously, and the plurality of wavelengths can be
incident at the target specimen at different locations of the
target specimen or overlapping. In the device 400 illustrated
in FIG. 4A, the pump light source 102 illustrated in FIG. 1A
is replaced by a pump light source 402 that outputs three
wavelengths, A, A,, and A;. The multiple wavelengths can
be useful for determining part of an absorption spectrum of
a target specimen such as a chemical, for example. In the
device 400, the pump light source 402 outputs the wave-
lengths A, A,, and A simultaneously. In other embodiments
not shown in FIGS. 4A-4D, the pump light source can be a
tunable laser, for example, in which the various wavelengths
are used in succession by tuning the laser, and the light 404
is always directed to the same position of the target speci-
men. A pump light source can include multiple light sources
configured to output the various wavelengths. As used
herein, the term “pump light source” refers to any pump
light source or combination of sources that are configured to
output one or more wavelengths of pump light.

FIG. 4B shows a region 108 of the target 112 in which the
various wavelengths A, A,, and A, are incident. The wave-
lengths are incident at different locations of the region 108,
and modulation of the individual wavelengths can occur at
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the same or different frequencies. Where the sensor 110 is a
camera with a pixel array, for example, the individual
subregions illuminated by the various wavelengths can be
independently monitored and analyzed for movement in
speckle positions.

FIG. 4C, in contrast to FIG. 4B, illustrates how the
various wavelengths can be at least partially overlapping
with an overlap region 436. Furthermore, in other cases not
shown, the areas in which the various wavelengths are
incident may be almost entirely overlapping. Where these
wavelengths are simultaneously incident at the region 108 of
the target, it can be useful to modulate the different wave-
lengths of light at different modulation frequencies as illus-
trated in FIG. 4D.

FIG. 4D illustrates how the various wavelengths A, A,,
and A, can be modulated at different frequencies to distin-
guish the effect of each wavelength even when the wave-
length overlap, as in FIG. 4C. Pump light amplitude of the
wavelength A, is modulated with a modulation period P,,
with the modulation frequency being 1/P,. In contrast, pump
light amplitudes for the wavelengths A, and A, have periods
P, and P;, respectively, and corresponding modulation fre-
quencies 1/P, and 1/P;, respectively. Thus, even in the case
illustrated in FIG. 4C where the wavelengths are simulta-
neously incident and overlapping, a single signal from the
sensor 110 including the effects of all modulation frequen-
cies and wavelengths can be analyzed using correlator such
as a processor running an FFT, for example, or a lock-in
amplifier, for example. The response of the speckle pattern
114 to each individual wavelength of pump light can thus be
distinguished. Thus, using embodiments with multiple
wavelengths of pump light, for example, it is possible to
determine an absorption spectrum of a target specimen more
rapidly and efficiently. These principles are illustrated fur-
ther hereinafter.

FIGS. 5A-5D illustrate two different ways in which
embodiments of the invention can be used, namely identi-
fication of, or differentiation between, one or more target
materials in a target specimen based on (i) absorption
spectrum or (ii) thermal diffusivity. Embodiments can have
applications in defense, counterfeit detection, manufacturing
quality monitoring, environmental protection, and many
others.

FIGS. 5A-5B illustrate the case of absorption spectrum
measurements used to distinguish between different chemi-
cals or classes of chemical materials. For example, a device
500q in FIG. 5A is configured to distinguish different
chemical species, such as a determination of whether the
painting 512a includes oil or acrylic paint. In the device
500q, an infrared pump light source 502q is used, and a
probe light source 506 is a green laser. A pump light source
502q is a tunable infrared laser and can be used to scan
wavelength over distinguishing features in absorption spec-
tra for chemicals of interest. This principle is illustrated
further in FIG. 5B, which shows a feature A in the speckle
modulation amplitude obtained for a first chemical species
and a feature B in the speckle modulation amplitude
obtained for a second chemical species. Because the speckle
modulation amplitude varies roughly proportionally to the
absorption spectrum, the first and second chemical species
can thus be distinguished and detected on the basis of the
remotely applied light wavelengths using the tunable pump
light source 502a. In particular, when the target is irradiated
by pump light, absorption, surface deformation, and speckle
pattern modulation amplitude are approximately propor-
tional to each other. Thus, monitoring speckle modulation
amplitude as a function of pump laser wavelength is a
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sensitive way to distinguish one material from another on
the basis of absorption spectrum.

FIG. 5C, in contrast to FIG. 5A, illustrates a device 5005
with a pump laser 5025 operating at a fixed wavelength. The
device 5005 is configured to determine whether the chair
target 5125 is metal or plastic on the basis of infrared (IR)
pump laser modulation rate (modulation frequency). This
frequency-based approach can be effective even where, for
example, metal and plastic chairs have identical coatings.

As illustrated in FIG. 5D, at lower pump modulation
frequencies, the speckle modulation amplitude (see, e.g.,
example change 118 in position of speckle lobe correlated
with pump modulation in FIG. 2) is relatively high. The
speckle modulation amplitude of plastic is much higher than
that of metal for low frequencies due to lower thermal
diffusivity of plastic. However, as pump modulation fre-
quency increases, the speckle modulation amplitude of the
chair 5124 decreases rapidly if it is made of plastic, while the
speckle modulation amplitude of the chair 5125 remains
relatively unchanged over a wider range of modulation
frequencies before it finally drops off at higher pump modu-
lation frequencies if it is made of metal. This difference in
speckle modulation amplitude over a range of frequencies
can be exploited to distinguish between the different mate-
rials or classes of materials such as plastic 512 and metal 512
on the basis of thermal diffusivity.

Thermal diffusivity-based differentiation can be particu-
larly helpful in the case of two materials with the same
surface color or coating. This can be used, for example, in
differentiating counterfeit materials that are made to appear
like real ones. For example, it may be desirable to distin-
guish between a plastic chair and a metal chair, each of
which looks the same because the surface paint is the same.
These materials can be distinguished using the device and
technique of FIG. 5C-5D with the realization that, even if
plastic and metal chairs 5125 are painted the same color, the
rate of heat dissipation from the paint will be very different
depending on the underlying material. Thus, by examining
the amplitude of the speckle response to a varying IR
modulation frequency as in FIG. 5D, the underlying mate-
rials can be distinguished without contact, facilitating
remote sensing.

FIG. 5E is graph showing experimental demonstration of
the frequency dependence principle illustrated in FIG. 5D.
In the experiments illustrated in FIG. 5E, 4 pum thick
Poly(methyl methacrylate) (PMMA) layers were applied to
germanium (Ge) and potassium bromide (KBr) substrates.
Using a QCL pump light laser source having wavelength
7.85 um (1274 cm™), an average pump light intensity of 1
W/em® was applied to the two PMMA layers. A sensor
camera collected images at 500 frames per second with an
exposure time of 0.2 milliseconds per frame. The pump light
modulation frequency was tuned from 10 Hz through 200
Hz, and the photothermal speckle modulation signal was
analyzed for each frequency, all at the same pump wave-
length. Because the Ge substrate is more conductive (and
therefore has a higher thermal diffusivity) than KBr, the
signal falls off slower with frequency for Ge. Also, since the
coeflicient of thermal expansion is larger for KBr than for
Ge, the overall signal strength is higher for KBr compared
to Ge. The triangles and squares are the measured data PSM
signals, while the curves are calculations using the finite
element program Nastran.

Although the surface materials for the two curves in FIG.
5E are the same (PMMA), the difference between the
functional forms of the PSM signals as a function of IR
pump light modulation frequency allows the two underlying
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substrates to be distinguished from each other due to their
differing thermal diffusivities. Thus, a useful feature of
embodiment methods and devices is the ability to distin-
guish between different sub-surface materials of respective
objects, even where surface layers or surface finishes of the
respective objects are identical.

FIG. 6 is a graph illustrating calculated frequency
responses for PMMA, steel, wood, concrete, and aluminum.
These differing frequency responses can be exploited using
embodiment devices and methods to differentiate between
various classes of materials. As in FIGS. 5D-5E, the strong
frequency dependence (at low frequencies) of the low ther-
mal diffusivity materials, such as PMMA and wood, is in
contrast to the relatively small dependence of signal with
frequency for high conductivity materials, such as alumi-
num. Note that the magnitude of the response depends on a
number of material properties, including CTE, specific heat,
density, and thermal conductivity, but these properties deter-
mine the scale of the response and not the shape of the curve.

The calculated curves illustrated in FIG. 6 are character-
ized, respectively, by a relatively linear low-frequency
region 690 having smaller absolute slope and a relatively
linear high-frequency region 692 having greater absolute
slope, and the two regions of each curve are joined by a
“knee” area where most of the slope change occurs. These
knee areas are particularly visible for the steel and aluminum
response curves, which have relatively high thermal diffu-
sivities. Lower diffusivity materials such as PMMA, wood,
or concrete would still produce a flat region but at frequen-
cies lower than shown on this plot.

In addition to the calculated response curves illustrated in
FIG. 6, experiments using embodiment devices and methods
have been performed, and good fidelity to the calculated
curves has been obtained. As expected, aluminum (thermal
diffusivity of 70 mm?®/s) has a nearly flat response at low
frequencies, while PMMA (thermal diffusivity of 0.1 mm?/s
shows a 1/frequency dependence (inverse frequency rela-
tionship) starting around 10 Hz.

The response (PSM signal) curves shown in FIG. 6
depend on a number of material properties, including CTE,
specific heat, density, and thermal conductivity. Because the
CTE affects only the scale of the response, the shape of the
frequency response curves of FIG. 6 is primarily dependent
on the specific heat, density, and thermal conductivity. These
three properties are commonly combined into thermal dif-
fusivity, which has dimensions of length squared divided by
time. The thermal diffusivity is inversely proportional to the
apparent thermal time constant, and the apparent time con-
stant is responsible for the shape of the frequency response
curve. This suggests a quantitative method for measuring
thermal diffusivity. Specifically, it is proposed that the
transition (knee) between the flat and sloped portions of the
curve occurs at a frequency that is proportional to the
thermal diffusivity. The dimensions of diffusivity suggest
that geometric factors such as the spot size, absorption
depth, or thickness of the material may also influence the
shape of the curve, perhaps requiring some calibration to
obtain an absolute measure of thermal diffusivity.

Various material properties can be determined or esti-
mated using embodiment devices and methods. For
example, as shown in FIG. 5B, IR absorption peaks, fea-
tures, wavelengths, and spectra can be obtained. Moreover,
material properties can be estimated from modulation fre-
quency variation measurements similar to those illustrated in
FIG. 5D and calculations such as those shown in FIG. 6. For
example, thermal diffusivity can be determined or estimated
as described hereinafter.
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In FIG. 6, a center of the knee area for steel, f,,. .,
(around 40 Hz), and center of the knee area for aluminum,
f11e04; (around 100 Hz) are shown. Also shown is a hypo-
thetical center of a knee f,...,, for a hypothetical unknown
material. Since the location of the knee, in frequency, is
strongly correlated with overall thermal diffusivity, a mea-
surement of the knee location for the unknown, f,__,,,, can
be used to obtain an estimate for a thermal diffusivity o,
of the unknown material. For example, a linear interpolation
can be performed to obtain based on the equation o, ,,=c.q,+
(aAl_aSt)(fkneeUn_fkneeSt)/(fkneeAl_fkneeSt)i where sy and Oyg
are the known thermal diffusivities of steel and aluminum,
respectively. In an embodiment device, such calculation can
be performed by the correlator 117 illustrated in FIG. 1A
based on measurements similar to the calculated values
illustrated in FIG. 6 or the measured values illustrated in
FIG. 5E, for example. The knee, or inflexion point, for
PMMA is not indicated in FIG. 6 but is clearly at a much
lower frequency (estimated to be less than 2 Hz). Thus, if a
scan of modulation frequencies in the range of 30-110 Hz
indicates a presence of a knee for an unknown material
surface, this indication can be used to conclude that the
material is likely a metal with thermal diffusivity in the
range of steel and aluminum, and not a plastic or other
material with a thermal diffusivity in the range of PMMA,
for example. Therefore, in this manner, even where a spe-
cific unknown material cannot be identified due to measure-
ment precision of a given measurement, for example, these
measurements can still be used to distinguish between
various classes of unknown materials. For example, as
described hereinabove, the location of a knee (inflexion
point) can indicate that a material is likely a plastic or likely
a metal.

Nonlinear interpolation or even linear or nonlinear
extrapolation can be used, using techniques known to those
skilled in the art of data analysis, if device calibration and
further study indicate that linear interpolation does not
provide the most accurate determination of thermal diffu-
sivity for a given set of known and potential unknown
materials. Nevertheless, linear interpolation as described
above is one way to determine an estimated thermal diffu-
sivity of an unknown material. Moreover, in view of the
devices and methods described, it will be understood readily
that, given an estimated thermal diffusivity for the unknown
material, the unknown material may be identified. A table of
known materials with known thermal diffusivities, for
example, may be used to determine the unknown material
based on the estimated thermal diffusivity determined for the
unknown material. Furthermore, even where measurement
error bars do not permit determination of an exact unknown
material, an unknown material may be determined to be
within a class of materials, such as plastic, metal, etc.,
because these classes typically have very different ranges of
thermal diffusivities.

FIGS. 7A-7C are graphs illustrating PSM spectra of
various thin films obtained using an embodiment device.
FIG. 7A shows PSM signal and measured absorption as a
function of wavenumber for a thin film of Teflon (2 um
thick) on a KBr substrate. FIG. 7B shows similar data for a
PMMA thin film (8 um thick) on KBr substrate, while FIG.
7C illustrates similar data for a polydimethylsiloxane
(PDMS) thin film (4 um thick) on a KBr substrate. In each
of the cases illustrated in FIG. 7A-7C, Teflon, PMMA, and
PDMS were chosen due to their strong absorption spectra in
the wavelength region covered by the particular pump light
source used for these measurements, which in this case was
a pulsed, wavelength-tunable quantum cascade (QC) laser.
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The respective, known absorption curves 740a-c¢ were
measured by using Fourier transform infrared (FTIR) spec-
troscopy to measure transmission (T) and reflectance (R)
and then deducing absorbance (A) using the equation A=[-
T-R. The PSM signal data seven 428a-c were measured in
accordance with the technique described hereinafter. All
films were formed by standard spin coating techniques.

The PSM signal data 742a-c were measured as follows.
The pump beam from a pulsed wavelength-tunable quantum
cascade laser (1 MHz pulses, 10% duty cycle, Daylight
Solutions laser) was focused to a 0.6 mm FWHM spot on the
surface of the sample using a 50 cm piano-convex lens. A
probe beam from a continuous-wave (cw) 532 nm solid state
laser was directed at the surface with a 2 mm FWHM spot
and was aligned to be concentric to the IR spot. The pump
laser was amplitude modulated at 22 Hz with a 50% duty
cycle using a function generator. A fraction of the scattered
probe light was collected with a high-speed camera (Andor
Zyla 5.5) equipped with telephoto lens (=160 mm) set to
global shutter mode and operating at a frame rate of 50 Hz.
For each IR wavelength, a series of 1000 consecutive frames
were recorded, each frame consisting of 124x124 pixels.

The PSM signal at each pump wavelength was extracted
from the captured frames using a two-step algorithm: First,
an FFT was applied on the intensity value of each individual
pixel, where the frame number (1 to 1000) represents the
time coordinate of that pixel’s intensity value. Applying the
FFT algorithm to each pixel results in an FFT spectrum for
that pixel. Second, the FFT spectrum calculated for each
pixel is averaged over all of the pixels to yield the average
FFT spectrum, as illustrated in FIG. 1E and in FIG. 8A. The
PSM signal at each wavelength can be extracted from this
spectrum by the following equation: PSM signal=

vFFTamplitudez—Noiseﬂoorz. The PSM signal for each
pump wavelength was plotted against the FTIR-measured
absorption (1-T-R) for the three different materials. As
illustrated in FIGS. 7A-7C for each respective material,
excellent matches were observed between the PSM signals
and the respective materials’ absorption spectra. FFTs were
used to deduce PSM signals, as illustrated further in FIGS.
8A-B. Thus, FIGS. 7A-C illustrate the effectiveness of
embodiment methods and devices in measuring absorption
spectra of example thin films based on the PSM.

In the cases illustrated in FIGS. 7A-7C, data were aver-
aged over all pixels. However, in other embodiments, indi-
vidual pixels, displacement of individual speckle lobes, or
the velocity of a given speckle lobe could be analyzed to
obtain similar results.

FIG. 7D is a graph illustrating a PSM spectrum (see
square data points) of PMMA microspheres on a stainless
steel, substrate, the PSM spectrum obtained using an
embodiment device. While Ge and KBr substrates are sub-
stantially transparent at the pump laser wavelengths used for
these experiments, stainless steel absorbs at these wave-
lengths. Also shown in FIG. 7D is a known absorption
spectrum 1-T-R of stainless steel, which is similar to the
measured spectrum based on PSM. FIG. 7D thus illustrates
that PMMA microspheres can be distinguished using
embodiments of the invention even when a substrate absorbs
at the pump light wavelengths. FIGS. 7A-7D thus illustrate
how an absorption spectrum of a target specimen can be
determined based on the changes in positions of speckle
lopes that are correlated with pump modulation. A processor
or correlator such as correlator 117 in FIG. 1A can be
configured to perform an FFT, for example, or other fre-
quency analysis, thus determining correlation of the changes
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in positions of speckle lobes with the pump modulation
frequency and rejecting from consideration in a PSM signal
any changes in position that are not related to pump modu-
lation.

FIGS. 8A and 8B show graphs illustrating how a photo-
thermal speckle modulation (PSM) signal can be obtained
with a high degree of sensitivity and noise reduction and
enable power normalization. In particular, where a sensor
includes a pixel array, an averaged signal representing the
intensity change of the speckle pattern (or motion) across all
pixels can be developed as follows. The graph in FIG. 8A
shows an FFT (in arbitrary units, a.u.) averaged across all
FFTs for individual pixels of the pixel array as a function of
frequency, as described hereinabove. Furthermore, where
the PSM signal is defined appropriately, sensitivity can be
further enhanced, and power normalization can be easily
performed to account for any difference in pump powers at
different modulation frequencies or wavelengths. This can
be done as described hereinafter.

A dotted line 7564 in FIG. 8A shows the averaged FFT
amplitude as a function of frequency when only the probe
beam is on, and the pump beam is off. Thus, the dotted line
7564 is a noise floor for the FFT amplitude as a function of
frequency. In contrast, the solid line 7565 shows the FFT
amplitude, averaged across all pixels, as a function of pump
modulation frequency, with a pump light wavelength of
1250 cm™" and a pump modulation frequency of 22 Hz. As
expected, the FFT amplitude shows a sharp peak at exactly
22 Hz, with essentially only noise in other frequency
regions. Contributions from independent, uncorrelated noise
sources add to the FFT signal in quadrature and can be
subtracted out from the PSM signal using the equation PSM

signalvaFTamplitudez—Noiseﬂoorz. It should be noted that
a PSM signal can also be defined in other ways, such as
using the area under the FFT curve or simply the height of
the FFT curve. However, defining the PSM curve as
described  using the equation PSM  signal=

vFFTamplitudez—Noiseﬂoorz has the advantage that power
can be normalized, as illustrated in FIG. 8B.

FIG. 8B illustrates the PSM signal, corrected using the
above equation to eliminate the effect of the noise floor, as
a function of incident pump light source power. In particular,
the line in FIG. 8B is a fit of measured PSM signal values
as a function of incident pump light power where the
measured values are shown as squares. Notably, the fit of the
corrected signal is linear and passes through zero, enabling
normalization of the PSM signal over a broad range of
powers. This normalization curve can be useful, for
example, when the power output at different pump wave-
lengths is different, but known.

FIGS. 9A-9B illustrate that embodiments can also detect
target materials dispersed as a micropowder of micron-sized
particles dispersed on a substrate, for example. FIG. 9A
illustrates a sample in which PMMA spheres 957 of 3 um
diameter were dispersed on a KBr substrate 960. A relatively
higher density sensing region 958a included a higher density
of PMMA spheres clumped together on the substrate, while
a relatively lower density sensing region 9585 included less
dense clumps of the PMMA spheres. FIG. 9B shows the
measured PSM signal 948a for the higher density sensing
region 958a, the measured PSM signals 9485 for the lower
density sensing region 958b, and the absorption spectrum
7406 for the thin PMMA film of 8 pm thickness also
illustrated in FIG. 7B. In comparing the measured PSM
signals 9484 and 9485 with the known absorption spectrum
7405, it will be noted that the measured signals and known
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absorption spectrum are similar, indicating that embodi-
ments can also be effective at distinguishing microparticles
dispersed on a substrate. Advantageously, as described here-
inabove, micropowders such as PMMA can still be distin-
guished based on absorption spectrum even when dispersed
on a pump light absorbing substrate such as stainless steel.
This is illustrated in FIG. 7D, for example.

FIGS. 10A and 10B are graphs illustrating differences
between a frequency-based response to PSM measurements
and a time-based (transient) PSM technique used for further
measurements described hereinafter. All of the measure-
ments illustrated in FIGS. 2, 5B, 5D, 5E, and 7A-7D, for
example, are considered frequency-based because they rely
on periodic modulation of a pump light source with one or
more frequencies. Even in the measurements illustrated in
FIG. 5B, for example, in which speckle modulation ampli-
tude is obtained as a function of wavelength, each data point
is acquired for each wavelength at a given modulation
frequency of the pump light. In contrast to frequency-based
measurements, time-based measurements need not rely on
periodic modulation of pump light.

FIG. 10A is a graph showing example speckle pattern
changes as a function of time. The speckle pattern is related
to PSM signal as described hereinabove and starts at a time
t, at which the modulated pump light source with pump
modulation frequency f; is turned on. As previously
described, the modulation of the pump light source can be an
amplitude modulation, as illustrated in FIG. 2A, a wave-
length modulation, as illustrated in FIG. 2B, or another type
of modulation to which pump light absorption in the target
sample can be sensitive, such as polarization modulation.
The overall shape of the speckle pattern change curve
illustrated in FIG. 10A is similar to the curve 334aq illustrated
in FIG. 3A. However, the curve in FIG. 10A includes
smaller oscillations that occur a frequency f, due to pump
light modulation. The smaller oscillations at frequency f;
can be similar to those illustrated in the temperature curve
3345 in FIG. 3B, for example, but the curve in FIG. 10A
additionally shows the longer-term effects of turning on a
modulated pump beam and then turning it off after many
modulation periods.

In FIG. 10A, starting at time t,, there is a rapid change in
speckle pattern as pump light is absorbed in the target
specimen and the target specimen is heated. The speckle
pattern changes are also related to blurring, which is related
to loss of contrast. Namely, the greater the change in
positions of speckle lobes in the speckle pattern, the greater
the blurring. Thus, the time scale in FIG. 10A over which
speckle changes occur corresponds to the time scale over
which blurring occurs. Large changes in speckle lobe posi-
tions, contrast, and blurring (e.g., during the time between t,,
and the region 1060a) can occur over time periods on the
order of 1 second, for example. Smaller changes that occur
within the region 1060q, for example, can occur over time
periods related to modulation of the pump light, such as over
time periods on the order of 0.1 seconds or 0.01 seconds, for
example.

Over time, as the pump light modulated at frequency f;
continues to illuminate the target specimen, the speckle
pattern changes reach a quasi-equilibrium time 1060q, in
which the speckle pattern changes reach a quasi-steady-
state, with small, short-term fluctuations in the speckle
pattern tracking and having correlation with the pump light
source modulation. The time between t, and the region
10604 can be considered a time scale of blurring of the
speckle pattern in response to thermal input. Within the
region 1060a, contrast is essentially unchanged, with only
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small changes occurring as a result of pump beam modula-
tion. For example, the contrast change within the region
10604 can be less than 50% of the total contrast change over
the heating period between t, and the region 1060a, or less
than 10% of the total contrast change, or less than 1% of the
total contrast change.

The time between t, and the region 1060a can include
many of the long duty cycles 330a or short duty cycles 3305
illustrated in FIGS. 3A-3B, or many of the on and off
modulation cycles illustrated in FIG. 1, for example. When
speckle pattern changes are monitored on a time scale
shorter than the time between t, and the region 1060q, for
example, their correlation with the pump modulation cycles
can be analyzed by a correlator such as the correlator 117 in
FIG. 1A, a different processor, or by using a lock-in ampli-
fier, for example. Furthermore, in some embodiments,
speckle pattern changes can be observed or monitored by a
sensor on a time scale shorter than a time scale of the pump
light modulation for better correlation with the changes in
speckle pattern as a function of the irradiation with the pump
light source.

After a sufficient number of modulation cycles have
occurred, frequency response of the target specimen can be
analyzed. Such a process can be used to obtain speckle
pattern change, or PSM signal at a plurality of wavelengths
to obtain PSM signal as a function of wavelength, as
illustrated in FIGS. 7A-7C, 7E, and 9B-9C, for example.
This technique is referred to as frequency-based. Essentially,
it is based on modulating a pump light source such as an IR
laser beam and measuring the speckle response at that
modulation frequency. Frequency-based measurements may
be obtained at a plurality of pump wavelengths, as illustrated
in FIG. 5B, or at a plurality of pump modulation frequencies,
as illustrated in FIG. 5D, for example. When the laser is first
turned on, the sample heats up and continues to heat to a
steady-state average temperature. Around this average
value, the temperature oscillates slightly since the laser is
being modulated. This approach works well for identifying
relatively optically thin materials, for example. The thick-
ness of the thin material can be on the order of, or smaller
than, the absorption depth of the pump light.

After the quasi-steady-state period 1060, the pump light
source can be turned off to allow the speckle pattern to return
to its original state. Following this, the pump light can be
again turned on to repeat the process at a pump modulation
frequency f,, and another measurement of PSM signal can
be obtained within the quasi-steady state region 10605 for
frequency f,. Such repeated measurements of quasi-steady-
state regions with different pump modulation frequencies
can be used to obtain measurements such as those illustrated
in FIG. 5D, for example, for thermal diffusivity-based
detection of materials. Alternatively, different quasi-steady-
state regions may be used to measure speckle pattern
changes at a fixed frequency f|, but with different respective
pump laser wavelengths. In these cases, speckle modulation
amplitude can be measured as a function of pump laser
wavelength, as illustrated in FIG. 5B.

FIG. 10B, in contrast to FIG. 10A, illustrates transient
change in speckle contrast in response to a single pump laser
pulse, without pump light modulation. The speckle change
curve in FIG. 10B can be similar in shape to the temperature
curve 334q in FIG. 3A, for example. At time t,, the pump
light source is turned on. In this case, the pump light source
is still turned on at time t, but there need be no further
periodic modulation of pump light amplitude or pump
wavelength, as illustrated in FIGS. 2A, 2B and 10A. The
high-transient-change region 1061 can be analyzed for
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speckle pattern changes to quantify surface motion of the
target specimen by observing (imaging) the speckle contrast.
Thus, instead of modulating the laser, waiting for steady
state, and then performing a frequency analysis, as in FIG.
10A, the time-based sensing illustrated in FIG. 10B can
measure the much larger transient (non-quasi-steady state)
response in the surface motion of the target to a single laser
impulse. After the impulse begins, the surface of the target
starts to move, and this motion causes speckle lobes in the
speckle pattern resulting from reflections from the target
specimen to move.

If an image of the speckle pattern is collected with an
exposure time that is longer than the time it takes the
speckles to move, the image will become blurry. In other
words, the contrast of the image will be reduced. Measure-
ments of speckle contrast have been used in imaging blood
flow. Where blood flow is relatively greater, local speckle
pattern contrast is relatively smaller, while in regions of
relatively lower blood flow, speckle contrast can increase.
However, in accordance with embodiments described
herein, a material property of the target specimen can be
determined by observing the motions or changes in intensity
of the probe speckle pattern as a function of the pump light
turning on or off. Furthermore, in some embodiments,
changes in positions of one or more speckle lobes of the
speckle pattern can be correlated with periodic pump modu-
lation, such as the pump modulation illustrated in FIG. 1A
and FIG. 2B, with the effects illustrated in FIG. 2 and FIG.
10A, for example. As illustrated in FIG. 10B, most of the
blurring or change in speckle pattern occurs within a short
time period 1061 after t,. At the time t,, the pump light
source is turned off, and the speckle pattern eventually
relaxes back to its original state. In FIG. 10B, there is no
modulation of the pump laser light as modulation is defined
herein, and particularly no periodic modulation, in contrast
to the periodic modulation illustrated in FIG. 10A.

FIG. 11 A is a schematic illustration of an experimental set
up that can be used for time-based measurements illustrated
in FIG. 10B. The pump light source 5025, which is an IR
laser, and the probe light source 506, which is a green laser,
are configured to irradiate the target specimen 112. The
camera 111 is used to acquire an image of a speckle pattern
from the target 112. A function generator 1162a triggers the
camera 111 to acquire images, and a second function gen-
erator 11625 triggers the IR laser 5025 to turn on. The
function generators 1162a-b are synchronized such that the
acquisition of images by the camera 111 and the turning on
of the IR laser 5025 can occur at same time.

FIG. 11B shows example timing between operation of the
camera 111 and IR laser 5024 used in the example setup
shown in FIG. 11A. The function generator 1162a triggers
the camera 111 to collect images at 20 ms exposure time for
0.5 seconds before turning on the IR laser 5024. Thus, the
camera operation begins at an arbitrary initial time as shown
by a camera operation curve 11645. Operation of the IR
pump laser 5024 is shown in a laser operation curve 1164a.
As shown in FIG. 11B, the IR laser is turned on 0.5 seconds
after triggering the camera and remains on for one second
before being shut off. This setup was used to obtain the
measurements illustrated in FIG. 11C-11E.

FIGS. 11C-11E illustrate time-based measurements used
to distinguish metal from plywood on the basis of thermal
diffusivity using the apparatus described in FIGS. 11A-11B.
FIGS. 11C and 11D are photographs showing a metal
surface and a plywood surface, respectively, which are
painted with spray paint on the surfaces to look the same to
the eye. For the metal, speckle contrast measurements were
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performed at two spots 1166a and 11665, and for the
plywood, speckle contrast measurements were also per-
formed for two spots 1166¢ and 1166d.

FIG. 11E is a graph illustrating the measured contrast as
a function of time for the four spots shown in FIGS.
11C-11D for the metal and plywood, respectively. Curves
1168a-b show contrast as a function of time for spots 166a-b
on the metal. Similarly, curves 168c-d show measured
contrast as a function of time for the two spots 1166¢-d on
the plywood. As illustrated in the curves 1168a-b, for the
metal sample in FIG. 11C, no change in contrast is observed
with time when the laser is turned on or off. However,
measured curves 1168c-d show large swings in contrast as
the laser is turned on or off using the plywood target shown
in FIG. 11D. Thus, FIG. 11E illustrates a clear difference in
the response between the metal and plywood samples that
can be used to distinguish the samples on the basis of known
differences in thermal conductivities of potential target
materials. FIG. 11E likewise demonstrates that the technique
illustrated in FIGS. 11A-11E can even work where two
target specimens have identical surfaces but have underlying
materials of distinct thermal conductivities.

FIGS. 11A-11E also illustrate that, even where pump light
is not modulated, changes in speckle pattern images of a
probe speckle pattern can be analyzed as a function of
irradiation with pump light to determine a material property
such as a class of materials or a class of thermal conduc-
tivities. For example, in one embodiment method, a proces-
sor is used to track probe light speckle pattern changes as the
pump light from IR laser 5025 is turned on and then off again
for a variety of different known materials in different mate-
rial classes such as woods, plastics, metals, glasses, etc. For
each speckle pattern, the processor calculates contrast as
described above and as illustrated in FIG. 11E. Contrast data
such as the curves 1168a-b are developed by the processor,
thus calibrating the device with respect to various known
target specimen materials. Afterward, the device is used to
measure a contrast curve similarly for a target specimen of
unknown material. The curve for the unknown target speci-
men has a height that is most similar to curves for one of the
classes of known materials of the different material classes
described above. The target specimen of (initially) unknown
material is then determined to belong to the class of mate-
rials with most similar curve heights. Furthermore, if the
thermal conductivities are known for the various known
materials of different material classes, then the thermal
diffusivity of target specimen of (initially) unknown material
is then determined to be in the same range of thermal
conductivities as the class of materials having contrast
curves of most similar height.

Thus, even where changes in positions of speckle lobes do
not have a correlation with a periodic pump modulation,
embodiments such as the device of FIGS. 11A-11B, for
example, can be used to determine a material property of a
target or distinguish a target material of the target specimen,
such as the wood or metal of FIGS. 11C-11D, from one or
more additional potential target materials, by analyzing
changes in images of the probe speckle pattern as a function
of'the irradiation with the pump light source. Speckle pattern
changes can be analyzed to determine the material property
using a correlator such as the correlator 117 illustrated in
FIG. 1A, for example, or another processor. The correlator
or processor can receive images from the camera 111 and
information from the function generators 1162a-b about
when the camera and pump laser beam 5024 are on or off,
for example. The speckle pattern changes can then be
analyzed as a function of the irradiation by measuring
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speckle pattern change both when the pump laser beam is on
and off and calculating the change in speckle pattern and
contrast between on and off states.

Although contrast change of speckle images is shown in
FIG. 11E instead of position or motion of speckle lobes,
contrast change is related to speckle lobe position. In par-
ticular, contrast change is related to changes in the images of
the probe speckle pattern that can be observed with a sensor
such as the camera 111 in FIG. 11A, as further described
hereinafter. The contrast change results from the photother-
mally induced speckle motion and reflectivity change.
Speckle motion reduces the standard deviation of a speckle
image (i.e. due to blurring). The change in temperature of the
sample can cause the mean intensity to drop. The combined
effect, in this example for the wood substrate, is an increase
in contrast. Contrast is equal to the standard deviation of
pixels in the image divided by mean pixel intensity in the
image.

For the measurements illustrated in FIGS. 11A-11E, the
on time (duty cycle) of the pump beam is 1 second, which
is longer than the thermal diffusion time in the metal and
plywood target samples. However, this technique can also be
applied when the pump beam is on for a time (duty cycle)
that is short compared to thermal diffusion time, as illus-
trated by the short duty cycle 3305 and thermal profile 3345
in FIG. 3B. In the case of short duty cycle, a sensor can be
used to observe the speckle contrast change following a
short-pulse excitation, and a class of materials to which the
target specimen belongs can be determined based on thermal
diffusivity by analyzing the contrast as a function of time
following the pump excitation. Furthermore, while the mea-
surements illustrated in FIGS. 11A-11E do not depend on
periodic pump light modulation, some embodiments devices
that can determine a material property of the target specimen
do include pump light modulation. For example, in some
embodiments, the camera and IR laser operation illustrated
in FIG. 11B can be repeated periodically to obtain many
contrast curves like those illustrated in FIG. 11E. Repeating
the measurements periodically has the additional advantage
of'enabling a correlator or processor to average many curves
to provide more precise determinations of a material prop-
erty such as material class.

FIGS. 12A-12G illustrate thermo-mechanical modeling
that can be used to understand results described herein-
above. In particular, FIG. 12A is an overview of thermal-
mechanical modeling performed using a finite element
analysis package referred to as Nastran®. The goal of this
modeling was to determine surface motion, both radial and
normal, for a given IR laser modulation frequency, target
material, geometry, and boundary conditions. This thermo-
mechanical model is for one experimental case of a sym-
metric beam. The model is helpful to show that observed
behavior can be effectively modelled and explained. How-
ever, many other variations of photothermal heating are
possible. For example, the pump beam need not be sym-
metric in any way, and there is no strict requirement on the
beam properties.

As illustrated in FIG. 12A, a target specimen 112 was
modelled as receiving a heat input at a spot 1270, with the
heat input Q input being defined by pulse frequency, spot
size, and absorption coefficient. Convection heat transfer
Qonvecrion Was assumed to be one cooling mechanism by
which the target 112 loses heat through all surfaces of the
target. The material was assumed to have thermal conduc-
tivity k, specific heat Cp, and thermal expansion coefficient
a,. Kinematic mechanical boundary conditions were
assumed, with no external forces acting on the target 112.
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Two types of analysis can be performed using the Nas-
tran® finite element analysis. First, a heat transfer analysis
can be performed to model the temperature response to the
laser-induced heat load. Second, a thermo-elastic analysis
can be performed to calculate deformations of the target
surface in response to the temperature changes. FIGS.
12B-12C show temperature in the target surface as a func-
tion of time and distance from the center of the spot 1270.
These calculations were performed with the assumption of
10 mW average power of the laser pump source pulsed at 13
Hz modulation frequency, a 2 mm FWHM spot size, target
depth D of 6.35 mm, target width W of 24 mm, Teflon
material properties, and a convection coeflicient of 1.4
W/(m-° C.).

FIG. 12B shows curves 1272a-d showing calculated
temperatures as a function of time at the center of spot 1250,
1 mm from the center, 2 mm from the center, and 6 mm from
the center, respectively. FIG. 12C shows the center node
temperature 1272a in greater detail. From curve 1272a, it
can be seen that the average temperature is 13.2° C. above
ambient, while oscillations in temperature are between about
12.9° C. and about 13.5° C. during a given cycle time 1274.
Furthermore, from FIG. 12B, it can be seen that as the
distance from the center of the spot 1270 increases, both the
average temperature and the magnitude of the oscillations
dropped.

Furthermore, in addition to detecting particles, liquids,
and solids, embodiment methods and devices can also be
used to detect a gas remotely. The absorption of the gas leads
to a speckle pattern change that can be measured in a similar
manner as described for the other materials. For example, a
PSM sensor can be configured to allow for standoff spec-
troscopic measurements of vapors. This can be achieved in
the following way, under the assumption that the volumetric
concentration of the gas remains fairly constant over the
course of the measurement time. A target can be positioned
in the distance that has a known PSM spectrum (for
example, intensity versus wavelength spectrum such as that
shown in FIG. 7 for a number of materials). A gas cell of
known concentration can be positioned between the pump
beam and the target. The pump laser can be amplitude
modulated for a number of wavelengths, and PSM spectrum
from the probe beam can be analyzed as described previ-
ously for each pump wavelength. At pump wavelengths that
are absorbed by the gas sample, less pump light will reach
the target, leading to a reduction in the PSM spectrum
compared with no gas in the beam path. However, at
wavelengths where the gas is transparent, the PSM signal
from the target will be nearly the same with or without the
presence of the gas. Therefore, by taking the ratio of the
PSM spectrum with and without the gas present in the pump
beam path, the absorption spectrum of the gas can be
determined.

FIG. 12D illustrates the center node temperature curve
12724 over the single cycle region 1274 illustrated in FIG.
12C.

The various curves in FIGS. 12E-12F are positions along
a cross section cutting through the center of the pump beam
along the surface of the material.

FIG. 12E is a graph illustrating PTV normal-to-surface
displacement curves 1278a as a function of radial position
from the center of the spot 1270 at various times. The
various curves 1278q in FIG. 12E represent different times,
and each curve shows displacement in a plane that intersects
the center of the pump beam and is perpendicular to the
target surface, at various points along the target surface. FIG.
12E shows that the displacement normal to the surface the
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largest amplitude (7 nm) at the center of the spot 1270
(position 0 mm). It can also be seen that the PTV displace-
ments are in the range of a few nanometers.

FIG. 12F is a graph illustrating radial displacements
12785 as a function of position (distance from the center of
the spot 1270) at various times. Each curve represents a
different time. As seen in FIG. 12F, the maximum PTV
radial displacement is about 3 nm.

Since material properties such as spectral absorption and
thermal diffusivity directly affect changes in positions of
speckle lobes in a speckle pattern of a target specimen,
therefore, the modeling illustrated in FIGS. 12A-12F can be
used to understand relative magnitudes of the changes in
positions that should be expected for different materials.
Thus, the thermo-mechanical modeling illustrated in FIGS.
12A-12F can be used to predict relative speckle deflections
and help determine material properties such as absorption
spectra, chemical species, or material classes based on such
deflections.

While this invention has been particularly shown and
described with references to example embodiments thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the scope of the invention encompassed by
the appended claims.

What is claimed is:

1. A device comprising:

a pump light source configured to be modulated over a

range of pump modulation frequencies and to irradiate
a target specimen;

a probe light source arranged to generate a speckle pattern

from the target specimen; and

a sensor configured to detect changes in at least one of

position and intensity of one or more speckle lobes of
the speckle pattern having correlation with the pump
modulation over the range of pump modulation fre-
quencies.

2. The device of claim 1, wherein the pump modulation is
on a time scale shorter than a time scale of blurring of the
speckle pattern, and wherein the sensor is configured to
detect the changes in at least one of position and intensity on
a time scale shorter than the time scale of blurring the
speckle pattern.

3. The device of claim 1, further comprising a correlator
configured to perform a frequency analysis to determine
correlation of the changes in at least one of position and
intensity of the one or more speckle lobes with frequency of
the pump modulation over the range of pump modulation
frequencies.

4. The device of claim 1, further comprising a processor
configured to determine an absorption spectrum of the target
specimen based on the changes in positions of the one or
more speckle lobes.

5. The device of claim 1, further comprising a processor
configured to identify a material class of the target specimen
based on the changes in at least one of position and intensity
of the one more speckle lobes.

6. The device of claim 5, wherein the processor is further
configured to identify the material class independent of a
surface material of the target specimen.

7. The device of claim 1, further comprising a processor
configured to determine a thermal diffusivity of the target
specimen based on the changes in at least one of position and
intensity of the one or more speckle lobes.

8. The device of claim 1, wherein at least one duty cycle
of the pump modulation is short in comparison with a
thermal diffusion time of the target specimen.
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9. The device of claim 1, wherein the pump modulation is
a light amplitude modulation.

10. The device of claim 1, wherein the pump modulation
is a wavelength modulation or a light polarization modula-
tion.

11. The device of claim 1, wherein the pump light source
is further configured to irradiate the target specimen with a
plurality of wavelengths of pump light simultaneously.

12. The device of claim 11, wherein the pump light source
is configured to irradiate the target specimen with the
plurality of wavelengths at different locations of the target
specimen.

13. The device of claim 11, wherein the pump light source
is further configured to modulate light amplitude of the
plurality of wavelengths at respective, mutually distinct light
amplitude modulation frequencies and to irradiate the target
specimen with the plurality of wavelengths at least partially
overlapping at the target specimen.

14. The device of claim 1, wherein the pump light source
is configured to irradiate the target specimen with pump light
of a fixed wavelength and the pump modulation is light
amplitude modulation, the pump light source being further
configured to output the light at a plurality of amplitude
modulation frequencies, and wherein the sensor is config-
ured to detect changes in at least one of position and
intensity of the one or more speckle lobes having correlation
with the plurality of frequencies of the light amplitude
modulation.

15. The device of claim 1, wherein the probe light source
is further configured to generate a speckle pattern from a
given region of the target specimen, and wherein the sensor
is further configured to detect changes in at least one of
position and intensity of the one or more speckle lobes at
different positions in the given region of the target specimen.

16. The device of claim 1, wherein the probe light source
is further configured to generate the speckle pattern from a
position inside the target specimen, the probe light passing
through an outer surface of the target specimen to the
position inside the target specimen.

17. The device of claim 1, wherein the sensor comprises
an array of detector elements comprising photomultiplier
tubes (PMTs), CCD array elements, CMOS array elements,
photodiode array elements, or photosensitive fibers.

18. A method comprising:

modulating a pump light source over a range of pump

modulation frequencies;

irradiating a target specimen with light from the pump

light source;

generating a probe light speckle pattern from the target

specimen; and

detecting changes in at least one of position and intensity

of one or more speckle lobes of the speckle pattern
having correlation with the pump modulation over the
range of pump modulation frequencies.

19. The method of claim 18, modulating at the pump
modulation includes modulating on a time scale shorter than
a time scale of blurring of the speckle pattern, and wherein
detecting the changes in at least one of position and intensity
includes detecting on a time scale shorter than the time scale
of blurring of the speckle pattern.

20. The method of claim 18, further comprising perform-
ing a frequency analysis to determine correlation of the
changes in at least one of position and intensity of the one
or more speckle lobes with frequency of the pump modu-
lation over the range of pump modulation frequencies.
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21. The method of claim 18, further comprising deter-
mining an absorption spectrum of the target specimen based
on the changes in at least one of position and intensity of the
one or more speckle lobes.

22. The method of claim 18, further comprising deter-
mining a thermal diffusivity of the target specimen based on
the changes in positions of the one or more speckle lobes.

23. The method of claim 18, further comprising distin-
guishing between potential classes of materials of the target
specimen based on the changes in at least one of position and
intensity of the one or more speckle lobes.

24. The method of claim 23, wherein distinguishing
between potential classes of materials is done independently
of an optical property of a surface of the target specimen.

25. The method of claim 18, wherein modulating the
pump light source includes modulating with at least one duty
cycle that is short in comparison with a thermal diffusion
time of the target specimen.

26. The method of claim 18, wherein modulating the
pump light source includes modulating a light amplitude.

27. The method of claim 18, wherein modulating the
pump light source includes modulating wavelength or
modulating light polarization.

28. The method of claim 18, wherein irradiating the target
specimen with light from the pump light source includes
irradiating with a plurality of wavelengths of pump light
simultaneously.

29. The method of claim 28, wherein irradiating with the
plurality of wavelengths of pump light includes irradiating
with the plurality of wavelengths at different locations of the
target specimen.

30. The method of claim 28, wherein irradiating with the
plurality of wavelengths includes irradiating with the plu-
rality of wavelengths at least partially overlapping at the
target specimen, the method further comprising modulating
light amplitudes of the plurality of wavelengths at mutually
distinct light amplitude modulation frequencies, the method
further comprising performing a frequency analysis to deter-
mine correlation of the changes in at least one of position
and intensity of the one or more speckle lobes with respect
to the respective wavelengths.

31. The method of claim 18, wherein modulating the
pump light source includes modulating light amplitude,
wherein irradiating with light from the pump light source
includes irradiating with pump light of a fixed wavelength,
irradiating further including outputting the light from the
pump light source at a plurality of amplitude modulation
frequencies, and wherein detecting the changes in at least
one of position and intensity of the one or more speckle
lobes includes detecting the changes having correlation with
the plurality of frequencies of the light amplitude modula-
tion.

32. The method of claim 18, wherein detecting the
changes in at least one of position and intensity of the one
or more speckle lobes includes detecting changes in at least
one of position and intensity of speckle lobes at different
positions at the target specimen.

33. The method of claim 18, wherein generating the probe
speckle pattern from the target specimen includes generating
the pattern at a position inside the target specimen, the probe
light passing through an outer surface of the target specimen
to the position inside the target specimen.

34. The method of claim 18, wherein detecting includes
using an array of detector elements.

35. The method of claim 34, wherein using the array of
detector elements includes using photomultiplier tubes
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(PMTS), CCD array elements, CMOS array elements, pho-
todiode array elements, or photosensitive fibers.
36. The method of claim 18, wherein modulating the
pump light source includes using an infrared laser.
37. A device comprising:
means for modulating pump light source over a range of
pump modulation frequencies;
means for irradiating a target specimen with light from the
pump light source;
means for generating a probe light speckle pattern from
the target specimen; and
means for detecting changes in at least one of position and
intensity of one or more speckle lobes of the speckle
pattern having correlation with the pump modulation
over the range of pump modulation frequencies.
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