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(57) Abstract: A method and apparatus for identifying a sample, involves illuminating the sample with light of varying wave-
lengths, transmitting an acoustic signal against the sample from one portion and receiving a resulting acoustic signal on another
portion, detecting a change of phase in the acoustic signal corresponding to the light of varying wavelengths, and analyzing the
change of phase in the acoustic signal for the varying wavelengths of illumination to identify the sample. The apparatus has a con-
& trolled source (67) for illuminating the sample with light of varying wavelengths, a transmitter (61, 63) for transmitting an acoustic
& wave, a detector (68, 69) for detecting the acoustic wave and converting the acoustic wave to an electronic signal, and an electronic
X circuit (62) for detecting a change of phase in the acoustic wave corresponding to respective ones of the varying wavelengths and
output ting the change of phase for the varying wavelengths to allow identification of the sample. The method and apparatus can be
used to detect chemical composition or visual features. A transmission mode and a reflection mode of operation are disclosed. The
method and apparatus can be applied at nanoscale to detect molecules in a biological sample.
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FOR REMOTE SENSING OF MOLECULAR SPECIES AT NANOSCALE
UTILIZING A REVERSE PHOTOACOUSTIC EFFECT

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[oo01l] This invention was made with U.S. Government
support undex Contract No. DE-AC05-000R22725 awarded to UT-
Battelle, LLC, by the U.S. Department of Energy. The U.S.

Government has tertain rights in this invention.
TECHNICAL FIELD

[0002] The field of the invention is methods and machines
for spectrometry, particularly those methods and machines

utilizing both light waves and acoustics.
BACKGROUND ART

[{0003] An urgent and widespread need exists for the
remote sensing and recognition of hazardous chemicals in
various field environments. However, current techniques
available for such purpose are very limited as compared to
that of contact or proximal detections. Existing technigues
based on laser detecting and ranging (LADAR) and hyper-
spectral imaging are cumbersome, sophisticated and expensive
and, therefore, are not ideal for the desired quick and
widespread deployment. Meanwhile, some highly light-
scattering materials such as amorphous solid, powdex, gel
and suspension are not readily amenable to the conventional
optical detection.

[0004] It has been reported that an interaction between
electromagnetic radiation in the wvisible spectrum and a
material can be detected photoacoustically ox
photothermally, where the sample temperature increases as a
result of light absorption. In the direct photoacoustic
effect, when the sample is illuminated with an intensity-

modulated chopped light, an acoustic signal is produced at a
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certain wavelength due to 1light absorption by the sample
molecules. Unfortunately, the direct photoacoustic wmethod
is unsuitable for the remote detection of chemicals as it
needs a special resonance chamber to amplify the signal, and
further requires that the acoustic transducer be physically
very close to the sample.

[0005] The local temperature of the sample can also be
detected using the so-called mirage effect, where a laser
beam is passing over the sample when the sample is
illuminated by an incident light. The temperature increase
leads to a pressure change in the nearby medium, which in
turn deflects thé laser beam and is detected. However, the’
detection of deflected laser beam requires a photodetector
at variable positions around the sample, which in some field
cases is impossible. Although an infrared camera can detect
the temperature of the remote sample, its passive nature
makes it sensitive to environment wvariations. In addition
sensitivity and spectral resolution of infrared sensors are
not sufficient to detect extremely small variations in
temperature in the presence of a background created by an
illuminating wavelength. In contrast, active sensors
generate their energy with known properties and can be used
under a wider range of operational condition with fewer
constraints.

[0006] Today there is a gap between ranges of scales in
which imaging techniques can be used. One range is provided
by confocal/multiphoton techniques and another range is
provided by x-ray/neutron techniques. As materials and
structures of nanoscale become of interest, there is a need
to identify and provide images of surface molecules and
molecules within biological cells.

[000%7] Various commercial characterization tools such as

force wmodulation microscopy (FMM), nano-indentation, and
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picosecond ultrasonic and photoacoustic probes, and confocal
microscopes address some aspects of samples. EBEach tool,
however, fails to meet one or more of the key criteria
regarding epatial resolution, guantitative capability or
nondestructive nature. FMM lacks dynamic range for
materials with contact stiffness exceeding the cantilever
spring constant and is qualitative. FMM lacks dynamic range
for materials with contact stiffness exceeding the
cantilever spring constant and is gualitative.
Nanoindenters are gquantitative, but destructive of the
samples Dbeing analyzed. Far-field ultrasonic microscopy
suffers from spatial resolution 1imitations.‘ Moreover, all
far field microscopes lack: resolution limitations due to
Rayleigh 1limit, coupling £luid attenuation ~ £f2, and
impedance mismatches. Recently, ultrasonic force microscopy
has been widely used to map the elastic properties of soft
and hard surfaces. It also provides gquantitative analysis
of surface mechanical properties, but it does not possess
sub-surface imaging capabilities and have limited depth

resolution of few nanometers.
SUMMARY OF THE INVENTION

[oco08] The invention is practiced at nanoscale by using a
source of light of varying wavelengths to cause heating of
molecules in a sample to different temperature, and then
applying acoustic signals to the sample which change phase
in response to the heating, and then detecting the phase
changes, and displaying phase change data in a graph or
table, for example, for observing comparisons of results for
different molecules.

[0009] More particularly, the method of the invention is
based on detecting .changes in acoustic signals that are

produced at different wavelengths of electromagnetic
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radiation due to absorption sprectra to identify a sample in
a reliable fashion. The acoustic signals include an
acoustic carrier wave train of pulses and the changes are
changes in phase of individual pulses. An electromagnetic
radiation source is used to tranémit a beam of light at
varying wavelengths into the sample which increases the
temperature of sample and nearby medium, which in turn
changes the phase angle of an ultrasonic wave reflecting
from or traveling through the sample. A spectrum of phase
change data is obtained in’ this way, and when analyzed
according to methods known in the art, can provide
identification of the sample. The identification of the
sample can be accomplished within a reasonable degree of
certainty for a predétermined number of spectra already
known in the art of spectrometry.

[0010] This method can be used in a transmission mode or
in a reflection mode, but the reflection mode is preferred
because it allows a spectrometer to be aimed at a target
sample some distance away. Although this method is first
disclosed for detecting chemical signatures at measurable
distances, it can also be used for detecting chemical
signatures where the transducer is in contact with (zero
distance from) the sample. An example is the detection of
glucose where an acoustic source, an optical source, and the
acoustic detectors are in contact with the skin or a body
part, such as a tongue, for example.

[0011] Compared with direct photoacoustic methods, the
method of the present invention does not require a resonance
chamber to amplify the signal and can work in both
transmission and reflection modes. Generally, the phase
spectrum is assumed to have no resemblance to either
absorbance or direct photoacoustic spectrum. However,

Preliminary testing results indicate an evident resemblance
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between the phase change spectrum and the absorbance
spectrum even with low spectral resolution. The resemblance
of phase variation as function of wavelengths of
illuminating light to that of absorbance spectra will be
particularly useful in identifying objects in gome specific
applications.

[0012] An apparatus according to the invention comprises
at least one controllable source of electromagnetic
radiation, a plurality of filters for filtering the
radiation from the source to a specific wavelength and for
changing the filters to vary that wavelength that contacts a
‘sample to provide photo-excitation, a transmitter for
directing an ultrasonic wave to the sample after the sample
has been contacted by the source, and a receiver for
receiving the ultrasonic wave after the wave has contacted
the sample and an electronic circuit for receiving signals
from the receiver and for detecting phase changes resulting
from the photo-excitation of the sample at a plurality of
wavelengths and providing an output of this phase change.
The frequency of the electromagnetic radiation can be in the
UV range, the visible spectrum, the near infrared range, the
far infrared range, the Mhz range and the Terahertz range.
The frequency of the acoustic waves which can be used with
the invention includes ultrasonic waves.

foo13] The operation of the device involves sensing an
acoustic pulse or train of pulses to the sample and getting
a reflected acoustic pulse signal and measuring the phase
difference between the source and the detector. The process
is repeated again while illuminating the sample with a
selected wavelength of an electromagnetic wave and noting
the phase difference in pulses between the source and the
detected acoustic pulse train. This phase difference is an

indication of electromagnetic wave absorption by the sample.
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The process is repeated for many selected wavelengths of the
electromagnetic spectrum. The differential phase shift as a
function of wavelength shows the absorption spectrum of the
sample.

[0014] In a further advantageous modification to the
above methods, a first acoustic signal can be transmitted to
sample and then detected after contacting the sample without
illumination by electromagnetic radiation. A phase
difference is determined between the first acoustic signal -
at a source and the first acoustic signal at a detector. A
second acoustic signal can then be transmitted to the sample
and detected while the sample is being illuminated by
electromagnetic radiation. A second phase difference is
determined for between the second acoustic signal at a
gource and the first acoustic signal at a detector. A
differential phase difference can then be determined between
these two phase differences and in response thereto
displaying electromagnetic absorption spectra for the
sample. This differential mode of operation eliminates
interference due to variation in an intervening medium.
[0015] A spectrum of phase change data is obtained in
this way, and when analyzed according to methods Xnown in
the art, can provide identification of the sample. The
identification of the sample can be accomplished within a
reasonable degree of certainty for a predetermined number of
spectra already known in the art of spectrometry.

[0016] Other objectives and advantages of the invention
will become apparent from the following description in which
reference is made to the drawings, which form a part hereof,
and which illustrate one or more preferred embodiments. For
the full scope of the embodiments covered by the invention,

reference is made to the claims following the description.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0017] Fig. 1 is a Dblock diagram of an apparatus for
practicing the present invention in a reflection mode;
[0018] Fig. 2 is the apparatus of Fig. 1 with
modifications for practicing the present invention in a
transmission mode;
[0019] Fig. 3a 4is a graph of phase angle change as a
function of time for a test sample in a transmission mode
under illumination using 600 nm and 500 nm interference
filters;
[0020] Fig. 3b is a graph of phase angle change for a
gsecond test sample in the reflection mode under illumination
using 600 nm and 500 nm interference filters; A
[0021] Fig. 3¢ is a graph of phase angle and temperature
of a test sample using a using a dye solution (Amx of 560
nm) as a light filter;
[0022] Fig. 3d is a graph of phase angle as a function of
time for a test sample in the reflection mode at the sample-
-transducer distances of 1 cm, 9 cm and 17 cm, respectively;
[0023] Figure 4a-4c show phase spectra and phase angle
change as a function of wavelength spectra obtained in the
transmission mode wusing an array of filters, for three
respective samples;
[0024)] Fig. 4d shows the relation between the phase
changes obtained for varying sample-transducer distances
using the dye solution filter (Ap.x of 560 nm) ;
[0025] Fig. 5a shows schematic diagram for an apparatus
for sensing light, dark and color;
[0026] Fig. 5b is a graph of phase angle as a function of
time for black and white features printed on white paper in

the reflection mode using white illumination light;
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[0027] Fig. 5c is a graph of temperature as a function
of time for black and white features printed on white paper
in the reflection mode using white illumination light;

[0028] Fig. 5d is a graph of phase angle change vs. time
that shows a fast phase response with the time to the middle
of phase change of around 0.4 seconds;

foo029] Fig. 6a is a graph of signal intensity vs.
aperture diameter in a transmission mode;

[0030] Fig. 6b is a graph of phase angle ve. time for
black features and white features in the reflection mode
using a 1 mm diameter aperture;

{0031] Fig. 6¢c is a graph of phase angle vs. distance for
40 kHz transducers vs. 93 kHz transducers;

[0032] Fig. 6d is graph of phase angle changes of red,
green and blue features on white paper in the reflection
mode as a Ffunction of wavelength transmitted through
different interference filtersg; and

[0033] Fig. 7 is a graph of intensity vs. wavelength for
three different samples;

[0034] Fig. 8 is a block diagram of an apparatus for
identifying .molecular species at nanoscale;

[0035] Fig. 9 is block diagram illustrating an
alternative method and device for practicing the present
invention; and

[0036] Fig. 10 is a graph of phase differential of

illuminated and non-illuminated acoustic pulse phases as a

function of wavelength (A4) of signal impinging on a surface

of a sample.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0037] Referring to Figs. 1 and 2, a machine 10 for
practicing the method of the invention at larger than
nanoscale has a controllable light source 11 with a shutter
and an aperture for controlling a duration and a width of a
light beam. The machine 10 is provided with suitable user
controls, such as on-off switches and a pushbutton or
trigger-operated switch to wmomentarily apply the 1light
source. One suitable example of a controllable light source
11 for the UV-visible region uses a 300-Watt Xenon lamp and
accompanying power supply from Thermal Oriel. The light
gource 11 can also be a source for producing electromagnetic
radiation in the near infrared range, the far infrared
range, lasers of different wavelengths, and other tunable
sources. A group of interference filtexrs 12 is selectively
and successively inserted along the path of the light to
allow light with respective narrow wavelength bands to pass
(Melles Griot). In test experiments, ethanol solutions of a
plurality of dyes are used as adjustable 1light filters,
however, in a machine 10 a plurality of interchangeable
colored lenses are preferred. In the dye solutions, dye

molecules are sgelected based on their maximum absorbance

wavelength (Apax) in the range from 370 nm to 800 nm.

[0038] The embodiments of Figs. 1 and 2 each include an
ultrasonic transducer/transmitter 13, 13a and an ultrasonic
receiver/transducer 14, 1l4a (ITC Transducer 92040) that have
intrinsic frequencies of 40 kHz or 93 kHz, transmit
bandwidths of ac least 4 kH=z, and beam angles of
approximately 10 degrees, which shall mean + 5 degrees. The
narrow acoustic beam 15 shows high directionality that is
useful to reach a remotely placed target sample 16. These

transducers 13, 13a, 14 and 14a are firmly fixed at a
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distance 18 of 7 cm to each other and orientated to get
maximum ultrasonic signal in the receiving transducer.

[0039] In Fig. 1, an acoustic transducer transmitter 13
is aimed to direct a signal to a sample 16 at an angle of
ten degrees 22 relative to a straight line path 18 between
the transmitter 13 and the receiver 14. The angle 1is
somewhat exaggerated in the drawing for ease of viewing.
The angle of incidence 23 of the acoustic wave on the sample
is the complement of this angle 22 or approximately eighty
degrees. From the sample 16, it is reflected to the
transducer/receiver 14, also at an angle 24 of ten degrees
from the straight line path 18 between the transmitter 13
and the receiver 14. The angle is somewhat exaggerated in
the drawing for ease of viewing. The complement of this
angle 24 is an éngle of reflection 25 and is approximately
eighty degrees. This 1s the reflection mode and is
advantageous if the distance from the machine 10 to the
sample can be extended up to several meters or more.

[0040] In Fig. 2, the parts corresponding to parts
already described for Fig. 1 are denoted by an “a” suffix.
The transmitter 13a directs the acoustic wave 15a through a
chamber 19 formed in a tubular housing 20 and the acoustic
wave 1l5a is detected at an opposite end of the chamber 19 by
receiver 14a. This 1is the transmission mode in which the
sample 16 must be placed in the machine 10. In both cases,
the light excitationlis transmitted to the sample 16a at an
angle that bisects the angle between the ﬁransmitter 13, 13a
and the receiver 14, 1l4a, to provide half angles 23, 25 of
eighty degrees in Fig. 1, and ninety degrees in Fig. 2 (a
non-reflection mode) .

[o041] An electronic control 21 in the form of an SR-850
digital lock-in amplifier (Stanford research system) is used

to drive the vibration of the acoustic transducer
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transmitters 13, 13a and to collect the reflected or
transmitted ultrasonic signals from the acoustic transducer
receivers 14, l4a. This electronic control 21, 2la provides
a digital display 26, 26a with sonic velocity and phase
angle changes of the received signals in comparison with the
transmitted signals. It is also contemplated that a
personal computer could be connected to receive the velocity
and phase angle data from the control 21 and provide visual
and graphical displays of the spectral data measured over
time and for different filters.

foo42] The testing samples, which are in the form of
pellets, thin films and gels, are subjected to an ultrasonic
wave in a reflection mode seen in Fig. 1 and in a
transmission mode seen in Fig. 2. The optical absorbance
spectra of the test samples were measured on a Beckman-
Coulter DU 530 UV-vis spectrometer, which is a separate
piece of equipment and not a part of the machine 10.

[0043] The wvalidity of the method of the present
invention is demonstrated in both transmission and
reflection modes. In the transmission mode, the sample is
placed in a 2 cm diameter transparent glass tube 20 between
two transducers (Fig. 2). The transducers 13a, l4a, and the

tube 20 form a 7 cm long resonance tube that greatly reduces

noise to less than 0.2° phase change. A mixture of
phthalocyanine and NaCl powder at mass ratio of 5% is ground
and pressed to form a pellet. The mixture has a strong
absorbance at 600 nm and a weak absorbance at 500 nm. As a
result, in Fig. 3a, illuminating the pellet with 600 nm
(curve 26) and 500 nm (curve 27) lights using according
interference filters for five (5) minutes leads to phase
changes of 45° and 10°, respectively. In the reflection
mode, the distance between the centers of two transducers is

7 cm, and that from the center of one transducer to sample
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. |
is 1 cm. In Fig. 3b, the illumination of a p-type silicon

wafer in this mode using the 600 nm and 500 nm interference
filters generates the similar magnitude of phase changes
(curves 28 and 29, respectively) as a result of similar
absorbance at these wavelengths.

[0044] Principally the phase change in reverse
photoacoustic effect is a result of the light-induced
temperature increase and the thermal expansions of the
sample and nearby medium. In the continuous illumination
condition, the sample temperature T at the sample-medium

interface can be approximated by

T~ Hab.\' = Io(l—e_d)
M, pCu

(1)

where H, ~I,Al-e™) is the amount of heat generated from
light energy, M,=pCu4 is the thermal mass of the

illuminated sample region, 4 is the illuminated area, [, is
the incident light intensity, & is the optical absorption
coefficient, x4 is the thermal diffusion 1length, 1 is the
light absorption distance, p and ¢ are the density and
specific heat of the sample. The sample displacement can be
estimated by assuming a free front surface and a fixed back
surface, thus the front surface expands a distance equal to
the total sample expansion. In addition, the temperature of
gas adjacent to the front surface will increase via
convection, and the subsequent expansion can be modeled as

ideal gas. Thus,

Iy(1—e™ —e™
et = A oppia +dgmzafl_fl!é.ﬂ+_1_Lﬂ.AT=a_°_(___e__)+.1_Lﬂ.[£&_e__l_To] (2)
M, 3 pC 3 PCu

where « 1is thermal diffusivity, L is the thickness of gas
layer, f is the volume expansion coefficient of gas, AT is

the temperature difference before (Iy) and after (I)
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illumination. If the transducer emits a harmonic ultrasonic
wave at the angular £frequency of fo, the phase change
detected by the receiver is given by
2z 2r

¢ = T'dmlal = T 'dtotal (3)
where A is the wavelength of the ultrasonic wave, and v is
the sound speed that is 343 m/s at 20 °C. The phase changes
keep constant as long as the sample to transducer distances
(D) satisfy

D=ni+d,, (4)

where n is an integer. This is the basis for remote

detection of phase change using reverse photoacoustic

effect.
[0045] In addition to sample displacement due to local
temperature change caused by the absorption of

electromagnetic waves, the medium (£fluid) around the sample
may also experience temperature change due to contact with
the sample affecting the velocity of the reflected acoustic
waves.

foo46] In the transmission mode, the local temperature of
the object affects the sound velocity. Absorption of the
optical waves causes the molecules to vibrate and dissipate
the energy as temperature rise. Agoustic wave velocity
increases slightly with temperature rise and results in a
phase difference.

(00471 As illustrated in Fig. 3, the surface temperature
(curve 30) of a glass filter (50x50x2 cm) with strong light
absorbing ability and the phase angle (curve 31) of a
reflecting ultrasonic wave is measured simultaneously using
a dye solution (Amx at 560 nm) as filter. The temperature

can be measured with an Omega 871A digital thermometer by
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attaching temperature probe to the back of glass filter.
The temperature change is coincident with the phase change
during the illumination; the phase change and temperature
increase are 70° and 50 °C, respectively. The equivalent
displacement 1is wused to quantitatively relate thermal
expansion to phase change. The displacements of the glass
filter relative to transducers within the length of a
wavelength (8.3 mm.at sound speed of 343 m/s for 40 kHz

ultrasonic wave) lead to linear phase changes in the
reflection mode, where 0.0425° phase change is equivalent to

1 pm displacement. This ratio does not change much when the
sample-transducer distance increases from 1 cm to 17 cm. as
shown by curves 32, 33 and 34 in Fig. 3d. The displacement
of the glass slide is then calculated as 6530 pm from the
phase changes described above. On the other hand, even if
the backside of glass filter is fixed, the thermal expansion
is responsible for 6.2 um of displacement (thermal expansion
coefficient of 107°/K). As the temperature increase of the
glass filter heats the nearby medium, the detected phase
change contains the contribution from the thermal expansion
of fluid next to the surface.

[0048] The magnitude of phase change depends strongly on
the light intensity and sample absorbance. The interference
filters have narrow wavelength band and high spectral
resolution. However, the filtered light is insufficient to
generate reliable phase changes for some thin f£ilm samples.
Meanwhile the optical properties of a given filter are fixed
and offer no flexibility for adjustment. We have used a
series of dye solutions as inverse filters: the reduction of
spectral resolution is compensated with high flux light
energy, large phase change and adjustable absorbance. Such
a filter array produces a low—reéolution spectrum of phase

changes that depend on the specific optical and thermal
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properties of sample. An unknown sample can be identified
remotely by comparing its response pattern to a reference
spectrum collected on the same array. Such a filter array
may include every possible candidate and make the
recognition much simpler.

{oo49] A filter array can be simulated with 16 ethanol
solutions of different dyes with Ay, from 370 nm to 800 nm.
Each filter solution allows only a certain amount of light
to pass. If the absorbance peak of a sample is overlapped
with that of a dye filter, the phase change of the sample is
minimal. This is because most of the energy that can be
adsorbed by the sample has been adsorbed by the dye filter.
In this way we have established the response spectra of
several samples in the reflection mode at the sample-
transducer distance of 1 cm. The phase changes are plotted
ag a function of the maximum absorbance peak of each filterx
solution. Figs. 4a-4d show the representative phase change
spectra of two glass slides covered with thin £ilms of
rhodamine 6G and hexamethylindodicarbocyanine iodide (HIDC),
a red plastic E£ilm and a glass filter. The phase change of
the first slide (Amax ©f 530 nm) is minimal when the filter
solution of rhodamine 6G is used (Fig. 4a); the HIDC covered
slide has small absorbance, but also shows a detectable
rhase change that is inverse to the optical absorbance (Fig.
4b) . The illumination is three minutes rather than £five

minutes as in other tests, and the red plastic f£ilm (Apax of

560 nm) shows the largest phase change (40°) as the result
of strong absorbance and large thermal expansion coefficient
(Fig. 4c¢), the phase change is roughly inverse to the
absorbance of the film; the glass filter shows a large phase
change of 25-30° due to its large . absorbance (Fig. 4d

inset) .
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[0050] Ultrasonic techniques have been used to locate
remote objects in various systems, where the detection range
can be over several hundred meters. Similarly, the response
of phase change in our tests has not been limited to one
particular distance. Fig. 4d shows that the phase change of

a glass filter as a function of the distance between the

sample and the transducer using a dye solution with Apax of

560 nm as filter in the reflection mode. The phase changes
after illumination for five minutes are around 20° at

distances from 1 ecm to 10 cm and drop to 7.5° at a distance
of 17 cm. The light intensity at different distances is
then measured by using a silicon photo-detector (Spectra-
physics, Oriel Instruments) and shown in the same Fig. 4d,
where an exponentially decreasing tendency i1is evident.
Because the phase angle is independent of the sample-
transducer distance as long as the distance is an integer
multiple of the wavelength (Fig. 4d), the different decay
behaviors of phase change and light intensity are related to
the different illumination states of the glass filter and
the photodetector. Geometrically, the photodetector has a
small detection aperture (diameter of 3 mm) and the glass
filter has an edge length of 50 mm. The size of the
illuminated arxea is dependent on the distance: when the
distance is between 1 cm and 10 cm, most of the light energy
is transferred to the glass filter, which hag uniform
temperature across the whole surface as the heat transfer
occurs fast; when the distance is over 12 cm, some light
energy is not used in heating the glass filter, and the
phase change is smaller due to the reduced 1light energy.
Furthermore, the uniform temperature distribution on the
glass filter has been confirmed by measuring the surface
temperature of illuminated and non-illuminated regions.

Based on such analysis, the current systems are projected to
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be able to detect photo-induced phase change at a distance
over ten meters in an engineered design where the 1light
intensity is increased.

[0051] Tt is also possible to use various lasers as light
sources for increased light intensity. It should be noted
that the signal to noise ratio depends on the area of
illumination by the acoustic beam and the electromagnetic
beam. It is possible to scan the laser beam or focused
light beam such that the area illuminated by the
electromagnetic wave is almost same as the area of
reflection or transmission of the acoustic beam.

[0052] It is possible to use this technique for
noninvasive detection of physioclogically relevant analytes
such as glucose. This can be accomplished using reflection
or transmission modes of operation. Glucose has many unique
absorption peaks in the near and far infrared region of the
electromagnetic spectrum.

[0053] Another possible application will be superimposing
chemical signatures to an ultrasound image. An ultrasound
image is basically due to the reflection of ultrasonic waves
from objects of different densities. Using zreverse photo
acoustic technique its possible to add chemical signatures
to ultrasonic images by illuminating the object with
different electromagnetic waves.

[0054] An ultrasonic reading machine based on the reverse
photoacoustic effect can also be used to develop both black-
and-white and colored visual features using ulﬁrasonic
transducers 13, 14, a light source 11, a group of
interchangeable filters 12 and the electronic control 21 as
shown in Figs. 1 and 2. The absorption of white or filtered
light will increase the local temperature of a £feature,
which changes the phase angle of a reflected or transmitted

ultrasonic wave. The high sensitivity of the phase related
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distance measurement enables the reliable and fast
recognition of black features using white illumination or
colorful features using a combination of filtered lights.
The minimum readable feature size can be reduced by passing
the ultrasonic beam through a narrow aperture produced on a
high impedance plate. Compared with its available optical
counterparts, the ultrasonic reading machine offers numerous
advantages in reading the features on a non-planar support
or at non-touchable distances, such as those attached on
sclid stands.

[0055] An ultrasonic-based method for the recognition of
visual features can also be 'based. on the reverse
photoacoustic effect. The adsorption of light illumination
increases the local temperature of a surface (i.e. paper)
and a nearby medium, which changes the phase angle of any
reflecting or transmitting ultrasonic wave (Fig. b5a).
Sample expansion can be estimated by assuming a free front
surface and a fixed back one, and the front surface expands
a distance equal to the total sample expansion. The
temperature of gas adjacent to the front surface will
increase via convection. If the gas expansion follows ideal

gas behavior, the total thermal expansion can be modeled as:

e f s
toral dsolid +dgas ~ a_f'[a_bs—:u_*-lL,BAT:a’.I_o(_l_e__).-}--l—Lﬂ {5_(1__5_._).
M, 3 pC 3 pCu

where H, ~I,Al-e®™) is the amount of heat generated from

d =15]

light energy, ALh=ﬁCpA is the thermal mass of the
illuminated sample region, A is the illuminated area, I, is
the incident light intensity, & is the optical absorption
coefficient, g is the thermal diffusion length, 1 is the
light absorption distance, p and C are the density and
specific heat of the feature, a is thermal diffusivity, L

is the thickness of gas layer, [ is volume expansion
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coefficient of gas, AT is.the temperature difference before
(Ty) and after (T) illumination. The method is capable of
producing sufficient phase change to discriminate black
feature and colorful features from white background. The
phase change occurs fast upon illumination and the
ultrasonic beam can be narrowed to increase the spatial
resolution of recognition. If combined with an artificial
intelligence system for data processing, the method will be
an important alternate and addition for an  optically-based
reading machine.

[0056] A controlled light source 11, 1lla as described in
relation to Figs. 1 and 2, can be used for illumination.
The intensity of the white light is attenuated to achieve
appropriate phase change. A series of interference filters
12, 12a that allow light within a narrow wavelength band to
pass (Melles Griot) are used to select the wavelength of the
light reaching the sample 16. Two types of ultrasonic
transducers 13, 14 with intrinsic frequencies at 40 kHz and
93 kHz (International Transducers) are used in the
experiment. These transducers have a small divergence angle
22 of ten degrees from a shortest direct path of travel 18
between the transducers 13, 14. These form the directiocnal
beamg that are required to reach a remote target. Two
transducers 13, 14 are fixed at a certain distance to each
other, along the path 18, and are properly orientated to
maximize the received transmitting or reflecting signal. An
electronic control 21, 2l1la is again used to drive the
vibration of one transducer/transmitter 13, 13a at its
intrinsic frequencies and collect ultrasonic signals from
another transducer/receiver 14, 1l4a. In one test, both
black features and colored features are printed onto white
paper using laser printers. The paper is then fixed onto a

metal plate or a plastic supporting plate in the reflection
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mode, or placed 1in a transparent plastic. tube in the
transmission mode.

[0057] The anticipated phase changes of black features
and white features are confirmed in the reflection mode
using white illumination and 40 kHz transducers at the
emitter-receiver distance bf five cm and the transducer-
feature distance of five cm. Fig. 5b shows the responses of
phase angles collected on the black feature (curve 40) and
white feature (curve 41) (the paper itself) in a series
cycles of light exposure. Statistically, the phase change
difference is significant to discriminate the black feature
from the white one. The phase angle changes ten degrees in
the first two seconds for the black feature and reaches a
saturated wvalue in 30 seconds. By comparison, only small
phase angle fluctuations exist for the white feature, which
could be related to the light absorption by supporting plate
or paper tissue. To confirm whether the phase change is
accompanied by the temperature increase of the paper, the
temperatures of the features are measured simultaneously
using an Omega 871A digital thermometer. Fig. 5¢ indicates
that the temperature change is coincident with the phase

change during the illumination: the temperature increases

are 33° and 10 °C for black and white features, respectively
(curves 43 and 44). The photo-induced temperature increase
and subsequent phase change occur in a fast fashion, and
satisfy one basic requirement as a feasible reading machine.
Fig. 5d shows that the time needed to reach the middle point
of total phase change is 0.4 seconds without intentionally
optimizing conditions such as the light intensity and the
background supporting plate. Thus, the reading machine is
capable of recognizing black features from white ones in
less than one second assuming the equal amount of time to

collecting the base line and identifying the phase change.
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[0058] Another important factor of a reading machine is
the minimal recognizable feature size that is dependent on
the diameter of the ultrasonic beam. Although the size of
the ultrasonic beam is larger than the transducer diameter
(25 mm), the beam size can be narrowed by using a small
aperture drilled on a 5 mm thick polycarbonate plate. The
large difference in acoustic impedances (defined as the

product of the material density and the sound speed in the
material) of polycarbonate (2690 N-s/m® at 20 °C) and air

(413 N-s/m> at 20 °C) will effectively reduce the beam size.
Fig. 6a shows that at the constant driven voltage of 5 V and
transmitter-receiver distance of five mm, the vibration
amplitudes of the received ultrasonic wave (measured in
millivolts) after passing through various apertures change
with aperture diameters ranging from 1 to 6 mm. The
amplitude obtained using the smallest aperture (1.02 mm) 1is
close to 100 mV, which is sufficient fo monitor the waveform
and phase angle of wultrasonic wave. Subsequently, the
polycarbonate plate is made into an ultrasonic shield with a
1 mm aperture to narrow the ultrasonic beam, and the shield
is used to detect the phase change of black and white
features in the reflection mode with controlled exposure to
white illumination. The observed phase change on the black
feature (curve 45) has the same order of magnitude as that
collected without aperture, and is larger than that observed
on the white feature (curve 46) (Fig. 6b). Thus, the
aperture-size independent phase change offeré an additional
flexibility where the detection area can be as small as
aperture size without losing the phase information.

[0059] Phase angle sensitivity based detection strongly
depends on the intrinsic frequency of the ultrasoconic
transducers used in the experiment. A higher frequency

ultrasonic wave has shorter wavelength and thus is more



WO 2007/117377 PCT/US2007/006206
22

sensitive to the small deformation or displacement of
feature surface. Fig. 6c shows the relationship between the
phase change and the sample physical displacement measured
in the reflection mode for two 40 kHz transducers and two 923
kHz transducers at the transducer-transducer distance of 5
cm and the transducer to surface distance of 4 c<m. The
wavelengths of the 40 kHz and 93 kHz transducers are 8.6 mm

and 3.7 at the sound speed of 343 m/s. Based on a simple
calculation, 1 um sample displacement corresponds to 0.0425°

phase change for the 40 kHz transducer and 0.1° phase change
for the 93 kHz one. Thus the sensitivity of 93 kHz
transducer is two times higher than that of 40 kHz
transducer. Although the noise level increases also for the
higher frequency one, the problem is alleviated in the
transmission mode using an isolating chamber to reduce
surrounding perturbation. We believe such a chamber does not
significantly degrade the usability as a reading machine.

[0060] The ultrasonic reading machine can be wused to
recognize a colored feature if an appropriated filter array
is used to select the illumination wavelength. For this
purpose, a series of interference filters are used and the
detection is performed using 93 kHz transducers in the
transmission mode in order to increase the sensitivity and
reduce the noise. A colored feature printed on white paper
using a laser printer was placed inside of a 25 mm diameter
transparent plastic tube, and the two transducers are placed
at the two terminals with a distance of 45 mm to form a
seamless chamber. The heat generated by the colored feature
will heat up the contained air, and conseqguently will change
the phase angle of any ultrasonic standing wave established
inside the chamber. Fig. 6d inset shows a typical curve of
phase change collected on a blue feature using a 644 nm

filter with illumination during of two minutes. The air-
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mediated phase chaﬁge is further confirmed from the near
equilateral relationship shown in the phase change vs. time
curve. Ultimately the phase changes of the blue feature, a
red feature and a green feature are collected under the same
condition using an array of different filters as shown in
Figure 5d. Although the discrete diagrams cannot reflect the
exact absorption properties of each feature, because the
energy flux from the light source at each wavelength is
different, the ratio and shape of transmission curve of each
filter are different, the collective phase changes obtained
using the same filter array can be used to recognize
different colors providing a database of phase change of
different colored features based on the same light source
and filter group.

[0061] In another embodiment, which 1is the preferred
embodiment in this application, for operation at nanoscale,
different energy vs. wavelength spectra or graphical data
51, 52, 53 are displayed for different molecular
compositions represented by chemical composition graphs 54,
55 and 56, respectively. This shows that differences in
molecules will produce different optically sensed energy
levels at different wavelengths of excitation.

[0062] An ultrasonic method, near-field acoustic
holography has been developed recently to image the embedded
nanoparticles wusing ultrasonic holography and the reverse
photoacoustic effect. The apparatus for practicing the
method is illustrated in Fig. 8. In this figure, a
microcantilever 60 is provided with an acoustic signal
through a transducer 61 and a circuit including a lock-in
amplifier 62, which also controls generation of acoustic
signals through a base 63. A polymeric sample 64 with
molecules 65 of nanoscale and of different colors is placed

on a table 66 than can be shaken or vibrated, as represented
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by the double-headed arrow. A source of illumination energy
67 provides illumination radiation to the sample 64 from
above. A source of laser light 68 is provided at a first
position above the microcantilever 60 and this radiation is
reflected and detected at a second position by a detector €9
to detect movement of the tip of the microcantilever 60.

[0063] In the method of this invention at nanoscale, the
light source 67 provides infrared (IR) radiation at
different wavelengths for local heating of molecules in the
sample, which will cause a change of phase in the acoustic
wave being transmitted through local regions in the sample.
A high frequency (~ 100's of KHz) acoustic wave is launched
from the base 63 through the bottom of the specimen 64,
while another acoustic wave is applied through the
traﬁsducer 61, albeit at a slightly different frequency.
The interferences of these two waves would nominally form
so-called "beat frequency" which is monitored at a tip of
the cantilever 60 by sensor 69. The tip acts as an antenna
for both phase and amplitude of the beat frequency. As the
specimen acoustic wave gets perturbed by subsurface (and
surface) £features, especially its phase, the local acoustic
interference 1is very effectively mwonitored by sensing
movement of the AFM tip using the sensor 69. Thus, within
the near-field range (which enjoys superb lateral and
vertical resolution), the acoustic wave (which is non-
destructive and sensitive to mechanical/elastic variation in
its "path") is fully analyzed, point-by-peint, across the
sample 64, by sensing the acoustic antenna at the tip of the
cantilever 60 in terms of phase and amplitude. Thus, as the
specimen 64 is scanned across, a pictorial representation of
the acoustic wave's movement is fully recorded and displayed
on display 70, to offer "quantitative" account of internal

microstructure of the specimen 64. In the above example,
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the arrangement has been used to detect different colored
molecules. It is therefore possible to detect chemical
composition of such molecules based on comparison with
suitable chemical spectra.

[0064] Fig. 9 illustrates a pulsed mode of operation for
the device of the present invention. In the pulsed mode of
operation, an acoustic wave pulse 1is transmitted £from a
source 80 to a surface of a sample 81, is reflected, and is
then detected by detector 83. The phase difference between
the acoustic pulse transmitted from the source 80 and
detected at the detector 83 is measured and stored in .a
memory (not shown). A second acoustic pulse is transmitted
from a source 80 to a surface of a sample 81, is reflected,
and is then detected by detector 83 while illuminating the
sample with an electromagnetic radiation of a given
wavelength from illumination source: 82. The  phase
difference between the acoustic pulse transmitted from the
source 80 and detected at the detector 83 during
illumination is measured and stored in the memory (not
shown) . The phase differences in the unilluminated cycle
and the illuminated cycle can be recalled from memory and
calculated as a phase differential. This phase differential
is illustrated in Fig. 10 as a function of different
exposing wavelengths (X\) to show the electromagnetic
absorption characteristics of the sample surface. This
differential mode of operation is advantageous in that it
eliminates the interference due to variation in the
intervening medium during operation of the device. It is
expected that the vapors of the sample in the intervening
medium are small. All the surfaces act as a collector for
sample vapor and adsorbs with a concentration that can be
orders of magnitude higher than that in the air. Therefore,

the pulsed mode offer a method for collecting chemical
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signatures in a standoff fashion when the intervening medium
is changing faster than the time required for collecting the
chemical signature.

[0065] The pulsed mode of operation can be practiced can
also be practiced in a transmission mode of operation where
the acoustic source and the detector are on opprosite sides
of the sample. The acoustic source and the acoustic
detector can be in intimate contact with the sample.

[0066] This completes the detailed description of the
preferred embodiments of the invention. It will be
understood by those of ordinary skill in the art that
various modifications can be made to the details without
departing from the scope and spirit of the invention as

defined by the following claims.
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CLAIMS

We claim:

1. A method for identifying a sample, the method
comprising:

exposing the sample to electromagnetic radiation of
varying wavelengths;

during said exposure, transmitting an acoustic wave
onto the sample from one position and receiving the acoustic
wave at another position;

detecting a change of phase in the acoustic wave
induced by the absorption of the electromagnetic radiation
of varying wavelengths; and

analyzing the change of phase for the electromagnetic

radiation of varying wavelengths to identify the sample.

2. The method of claim 1, wherein the sample is

identified as to chemical composition.

3. The method of claim 1, wherein the sample is

identified as to a character of being black or white.

4. The method of claim 1, wherein the sample is
identified as to a character of being absorbing or non-

absorbing.

5. The method of c¢laim 1, wherein portions of the

sample are identified as to color.

6. The method of claim 1, wherein an acoustic
transmitter and an acoustic receiver are opposite each
other, but offset from the sample by a distance so as to
form an angle of incidence to the sample and an angle of

reflection from the sample, and wherein the acoustic wave is
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transmitted to the sample from the acoustic transmitter and
then reflected in a reflection wmode to the acoustic

receiver.

7. The method of claim 6, wherein the angle of
incidence is equal to the angle of reflection and is

approximately eighty degrees.

8. The method of c¢laim 1, wherein the acoustic
transmitter and acoustic receiver are directly opposite each
other; wherein the sample is midway between the acoustic
transmitter and acoustic receiver, and wherein the acoustic
wave 1is transmitted in a transmission mode through the
sample from the acoustic transmitter to an acoustic

receiver.

9. The method of claim 1, wherein illuminating the
sample with light of varying wavelengths further comprises
generating a beam of light and passing said beam of light
through a plurality of filters before the light contacts the

sample.

10. The method in claim 1, wherein the sample is a
human body part, and wherein the acoustic signal passes to
or is reflected to an acoustic detector from the human body
part, wherein the human body part 1is radiated with
electromagnetic waves of varying frequencies for producing
the absorption spectra of physiologically relevant materials

such as glucose.

11. The method in claim 1, wherein the method is
carried out to sense points of the sample within nanoscale

dimensiong, and wherein individual molecules are identified.
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12. An apparatus for identifying a sample, the
apparatus comprising:

a controllable source of electromagnetic radiation for
exposing the sample to electromagnetic radiation of varying
wavelengths;

a transmitter for transmitting an acoustic wave onto
the sample from a first position;

a receiver for receiving the acoustic wave at a second
position relative to the sample and converting the acoustic
wave to an electronic signal;

an electronic c¢ircuit having‘ a first portion for
receiving the electronic signals and detecting a change of
phase in the acoustic wave corresponding to respective ones
of the varying wavelengths; and

the electronic circuit having a second portion for
outputting the change of phase in the acoustic wave for the
electromagnetic radiation of wvarying wavelengths to allow

identification of the sample.

13. The apparatus of claim 12, wherein the sample is

identified as to chemical composition.

14. The apparatus of claim 12, wherein the sample is

identified as to a character of being black or white.

15. The apparatus of claim 12, wherein portions of the

sample are identified as to color.

16. The apparatus of claim 1z, wherein the
electromagnetic radiation is selected from a group
consisting of wultraviolet, optical, infrared, microwave,

millimeter waves, and terahertz waves.
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17. The apparatus of claim 12, wherein the transmitter
and receiver are opposite each other but offset £from the
sample by a distance so as to form an angle of incidence to
the sample and an angle of reflection from the sample, and
wherein the acoustic wave is transmitted to the sample from
the transmitter and then reflected in a reflection mode to

the receiver.

18. The apparatus of c¢laim 17, wherein the angle of
incidence 1is equal to the angle of reflection and is

approximately eighty degrees.

19. The apparatus of claim 17, wherein the transmitter
and receiver are directly opposite each other; wherein the
sample is midway between the transmitter and receiver, and
wherein the acoustic wave is transmitted in a transmission
mode through the sample from the transmitter to the

receiver.

20. The apparatus of claim 17, wherein the
controllable source of electromagnetic radiation for
exposing the sample to electromagnetic radiation of varying
wavelengths further comprises a light source for generating
a beam of light and a plurality of filters through which the
light is passed before the light contacts the sample.

21. An apparatus for identifying molecules in a
sample, the apparatus comprising:

a controllable source of electromagnetic radiation for
exposing the sample to electromagnetic radiation of varying

wavelengths;
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a transmitter for transmitting an acoustic wave through
the sample;

a microcantilever with a tip for positioning at varying
positions on the sample;

a sensor for sensing vibratory movement of the
microcantilever tip in response to a phase change in
frequency of the acoustic wave and in response to the
wavelength of radiation applied to a region of the sample
near the microcantilever tip;

an electronic circuit having a first portion for
receiving the electronic signals and detecting a change of
phase in the acoustic wave corresponding to respective ones
of the varying wavelengths; and .

the electronic circuit having a second portion for
outputting the change of phase for the acoustic wave for the
varying wavelengths of electromagnetic radiation to allow

identification of the sample.

22. The apparatus of claim 21, wherein the sample is

identified as to chemical composition.

23. The apparatus of claim 21, wherein portions of the

sample are identified as to color.

24. A method for identifyving a sample, the method
comprising:
transmitting a first acoustic pulse from a source to a
sample;
detecting the first acoustic signal at a detector;
determining a first phase difference between the
acoustic signal at the source and the acoustic signal at the

detector;



WO 2007/117377 PCT/US2007/006206
32

transmitting a second acoustic pulse to the sample

while illuminating the sample with electromagnetic
radiation;

detecting a second acoustic signal at the detector;

determining a second phase difference between the
second acoustic signal at the source and the second acoustic
signal at the detector; and

determining a differential between the first phase
difference and the second phase difference and in response
thereto displaying electromagnetic absorption spectra for

the sample.
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