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ACOUSTIC WAVE DETECTION DEVICE AND
ACOUSTIC WAVE DETECTION METHOD

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a device that mea-
sures the intensity of an acoustic wave.

[0003] 2. Description of the Related Art

[0004] Recently, in the field of medicine, a study for imag-
ing morphologic information or physiological information,
i.e., functional information on an internal portion of an object
is promoted. As one of such techniques, photoacoustic
tomography (PAT) is proposed recently.

[0005] When light such as pulsed laser light is irradiated to
abiological body as an object, an acoustic wave (typically, an
ultrasonic wave) is generated when the light is absorbed in a
biological tissue in the object. This phenomenon is called a
photoacoustic effect, and the acoustic wave generated by the
photoacoustic effect is called a photoacoustic wave. The tis-
sues constituting the object have different absorptivities of
light energy, and hence the sound pressure of the generated
photoacoustic wave differs. In the PAT, the generated photoa-
coustic wave 1s received by an acoustic wave detector and a
received signal is mathematically analyzed, whereby it is
possible to image optical characteristics of the internal por-
tion of the object, particularly a light energy absorption den-
sity distribution.

[0006] In the photoacoustic tomography, since acoustic
waves having different frequencies are generated depending
on an object that absorbs the light, it is necessary to use the
acoustic wave detector having a wide band.

[0007] As such an acoustic wave detector, a transducer that
uses a piezoelectric phenomenon or change of a capacity is
used and, in recent years, the acoustic wave detector that uses
resonance oflight is developed. For example, when the acous-
tic wave is made incident on an optical interference film in a
state in which light (hereinafter referred to as measurement
light) is irradiated to the optical interference film, the inten-
sity of reflected light changes as a sound pressure changes.
Accordingly, by detecting the intensity of the reflected light
using a light detecting sensor such as a photodiode, it is
possible to detect the change of the sound pressure of the
acoustic wave. A Fabry-Perot interference film is the repre-
sentative optical interference film.

[0008] As the invention relevant to this, Non patent Litera-
ture 1, for example, describes a device that moves an irradia-
tion position of the measurement light on the Fabry-Perot
interference film and detects the acoustic wave at a plurality
of positions on the interference film.

[0009] Such an acoustic wave detector that uses the reso-
nance of light is capable of detecting the acoustic wave in a
wide band, and hence it can be said that the acoustic wave
detector is suitable for the photoacoustic tomography.

[0010] Patent Literature 1: Japanese Patent Application
Laid-open No. 2004-003969

[0011] Non Patent Literature 1: Edward Zhang, Jan Laufer,
and Paul Beard, Backward-mode multiwavelength photoa-
coustic scanner using a planar Fabry-Perot polymer film
ultrasound sensor for high-resolution three-dimensional
imaging of biological tissues”, Feb. 1, 2008, Vol. 47, No. 4
APPLIED OPTICS.
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SUMMARY OF THE INVENTION

[0012] Inthe case where the acoustic wave generated in the
internal portion of the object is detected and information on
the internal portion of the object is acquired based on the
acoustic wave, it is required to maximize a detection sensi-
tivity of the acoustic wave in order to improve an S/N ratio.
[0013] Onthe other hand, in the acoustic wave detector that
uses the Fabry-Perot interference film, the wavelength of the
measurement light with which the high detection sensitivity
can be obtained changes depending on the thickness of the
interference film.

[0014] That is, in the case where the thickness of the inter-
ference film varies or in an environment in which the thick-
ness of the interference film changes due to change of tem-
perature, the optimum wavelength of the measurement light
is not determined uniquely.

[0015] To cope with this problem, the wavelength of the
measurement light is adjusted on an as-needed basis such that
the detection sensitivity is optimized in the device described
in Non patent Literature 1. Specifically, by changing the
wavelength with time and monitoring a change in the light
amount of the reflected light of the interference film, mea-
surement is performed while a search for the wavelength that
allows the high detection sensitivity of the acoustic wave is
performed. However, in the case where this method is used,
another problem occurs that time required for the measure-
ment is increased. In particular, in the case where a three-
dimensional image representing an optical characteristic
value distribution in the internal portion of the object is gen-
erated, since it 1s necessary to acquire a photoacoustic wave
signal ata plurality of positions, it is necessary to perform the
wavelength search process at a plurality of positions, and the
time required for the measurement is increased. In the case
where the biological body serves as a measurement target, it
is preferable to complete the measurement as quickly as pos-
sible such that a strain is not applied to the biological body to
be measured.

[0016] On the other hand, in the device described in Patent
Literature 1, broadband light is split and the optimum wave-
length is determined by using light of each wavelength.
According to this configuration, it is not necessary to perform
the search while changing the wavelength, and hence it is
possible to reduce the measurement time.

[0017] However, in the configuration, since it is necessary
to install a plurality of light detecting sensors at individual
measurement positions, when it is intended to improve reso-
lution, the configuration of the device is complicated and cost
is increased.

[0018] The present invention has been achieved in view of
the problem of the conventional art described above, and an
object thereof'is to provide an acoustic wave detection device
capable of obtaining a high detection sensitivity at low cost.
[0019] The present invention in its one aspect provides an
acoustic wave detection device irradiating measurement light
to an interference film and measuring an intensity of an acous-
tic wave incident on the interference film based on an inten-
sity of the measurement light reflected by the interference
film, the acoustic wave detection device comprises the inter-
ference film formed of two opposing reflective layers; a first
light source configured to irradiate light to at least two differ-
ent positions of the interference film and capable of changing
awavelength of the light; a photodetector configured to detect
an intensity of reflected light which is the light reflected by the
interference film; a signal acquisition unit configured to
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acquire an electrical signal corresponding to the acoustic
wave incident on the interference film based on a change of
the intensity of the reflected light detected by the photodetec-
tor; a wavelength acquisition unit configured to acquire a
reference wavelength, which is a wavelength of the measure-
ment light emitted when measurement is performed on a first
point on the interference film; and a wavelength control unit
configured to determine the wavelength of the measurement
light emitted when the measurement is performed on a second
point on the interference film based on the reference wave-
length, and set the determined wavelength in the first light
source.

[0020] The present invention in its another aspect provides
a photoacoustic measurement device comprises an interfer-
ence film formed of two opposing reflective layers; a first light
source configured to irradiate measurement light to at least
two different positions of the interference film and capable of
changing a wavelength oflight; a photodetector configured to
detectan intensity of reflected light which is the measurement
light reflected by the interference film; a second light source
configured to irradiate excitation light to an object; a signal
acquisition unit configured to acquire an electrical signal
corresponding to an acoustic wave that is generated from an
internal portion of the object due to the excitation light and is
incident on the interference film, based on a change of the
intensity of the reflected light detected by the photodetector;
a wavelength acquisition unit configured to acquire a refer-
ence wavelength, which is a wavelength of the measurement
light emitted when measurement is performed on a first point
on the interference film; a wavelength control unit configured
to determine the wavelength ofthe measurement light emitted
when the measurement is performed on a second point on the
interference film based on the reference wavelength, and set
the determined wavelength in the first light source; and an
information generation unit configured to acquire character-
istic information on the internal portion of the object based on
the electrical signal acquired by the signal acquisition unit.

[0021] The present invention in its another aspect provides
an acoustic wave detection method performed by an acoustic
wave detection device having an interference film formed of
two opposing reflective layers, a first light source configured
to irradiate light to at least two different positions of the
interference film and capable of changing a wavelength of the
light, and a photodetector configured to detect an intensity of
the light reflected by the interference film, the acoustic wave
detection method comprises a wavelength acquisition step of
acquiring a reference wavelength, which is a wavelength of
measurement light emitted when measurement is performed
on a first point on the interference film; a wavelength control
step of determining the wavelength of the measurement light
emitted when the measurement is performed on a second
point on the interference film based on the reference wave-
length, and setting the determined wavelength in the first light
source; an irradiation step of irradiating the measurement
light to the interference film from the first light source; and a
signal acquisition step of acquiring an electrical signal corre-
sponding to an acoustic wave incident on the interference film
based on a change of the intensity of the reflected light
detected by the photodetector.

[0022] According to the present invention, it is possible to
provide the acoustic wave detection device capable of obtain-
ing the high detection sensitivity at low cost.
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[0023] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1is a system configuration diagram of a pho-
toacoustic measurement device according to a first embodi-
ment;

[0025] FIG.2isaview illustrating a detection sensitivity of
an acoustic wave;

[0026] FIG. 3 is a process flowchart of the photoacoustic
measurement device according to the first embodiment;
[0027] FIG. 4 is a process flowchart of the photoacoustic
measurement device according to the first embodiment;
[0028] FIG. 51is a view showing a relationship between the
wavelength of measurement light and a measurement sensi-
tivity;

[0029] FIG. 6 is a view illustrating a disposition of a refer-
ence point in the first embodiment;

[0030] FIG. 7 is a process flowchart of the photoacoustic
measurement device according to a second embodiment;
[0031] FIG. 8 is a view illustrating the disposition of the
reference point in the second embodiment; and

[0032] FIG. 9isa system configuration diagram ofan ultra-
sonic measurement device according to a third embodiment.

DESCRIPTION OF THE EMBODIMENTS

[0033] Hereinbelow, with reference to the drawings,
embodiments of the present invention will be described in
detail. Note that numeric values, materials, shapes, disposi-
tions and the like used in the description of the embodiments
should be appropriately changed depending on configura-
tions and various conditions of devices to which the invention
is applied, and the scope of the invention is not limited
thereto.

First Embodiment

[0034] A photoacoustic measurement device accordingto a
first embodiment is a device that visualizes, e.g., images
optical characteristic information on an internal portion of an
object by irradiating pulsed light to the object, and receiving
and analyzing a photoacoustic wave generated in the object
due to the pulsed light. An example of the optical character-
istic information on the internal portion of the object includes
an initial sound pressure distribution, a light energy absorp-
tion density distribution, or an absorption coefficient distri-
bution derived therefrom.

[0035] <System Configuration>

[0036] With reference to FIG. 1, the configuration of the
photoacoustic measurement device according to the present
embodiment will be described. The photoacoustic measure-
ment device according to the present embodiment has an
excitation light source 11, a probe 12, a measurement light
source 13, a scanning unit 14, a half mirror 15, a light detec-
tion unit 16, a process unit 17, a display unit 18, and a control
unit 19.

[0037] Hereinbelow, a summary of a method for acquiring
object information will be described while individual units
constituting the photoacoustic measurement device accord-
ing to the present embodiment will be described.

[0038] Theexcitation light source 11 is a unit that generates
pulsed light and irradiates the pulsed light to an object.
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[0039] The excitation light source 11 is preferably a laser
light source in order to obtain a large output, but it is also
possible to use a light-emitting diode, a flash lamp and the like
instead of the laser. In the case where the laser is used as the
light source, it is possible to use various lasers such as a solid
state laser, gas laser, dye laser, and semiconductor laser.
[0040] Ideally, itis preferable to use an Nd: YAG excitation
OPO laser, dye laser, Ti:sa laser, or alexandrite laser in which
an output is high and the wavelength can be changed continu-
ously. In addition, a plurality of single-wavelength lasers
having different wavelengths may also be used.

[0041] The wavelength of the pulsed light is preferably a
specific wavelength that allows absorption by a specific com-
ponent among components constituting the object, and is
preferably a wavelength that allows light to propagate to the
internal portion of the object. Specifically, in the case where
the object is a biological body, the wavelength is preferably
notless than 700 nm and not more than 1100 nm. However, it
is also possible to use a wavelength range that is wider than
the above wavelength range such as, e.g., a wavelength range
from 400 nm to 1600 nm, and also use a terahertz wave range,
microwave range, and radio wave range.

[0042] In order to generate the photoacoustic wave effec-
tively, light needs to be irradiated to the object in sufficiently
short time in accordance with thermal characteristics of the
object. In the case where the object is the biological body, the
pulse width of the pulsed light generated from the light source
is preferably about 5 to 50 nanoseconds.

[0043] Note that the excitation light source 11 does not
necessarily need to be part of the photoacoustic measurement
device according to the present embodiment, and may also be
connected to the outside.

[0044] The pulsed light emitted from the excitation light
source 11 is irradiated to an object 101. The object 101 may be
part of a biological body (e.g., a breast), or may also be, for
example, a phantom obtained by simulating characteristics of
the biological body. In the case where the object 101 is the
biological body, itis possible to image a light-absorbing body
in an internal portion of the biological body or the light-
absorbing body on a surface of the biological body such as a
tumor and a blood vessel. When the pulsed light is irradiated
to the object 101, the light-absorbing body (a reference
numeral 102) in the internal portion or on the surface of the
object 101 absorbs part of energy of the pulsed light and
thereby generates the photoacoustic wave.

[0045] The probe 12 is a Fabry-Perot acoustic wave probe.
The probe 12 has a optical interference film formed of two
opposing reflective layers. Specifically, the probe 12 has a
structure in which a polymer film is sandwiched between two
resonance mirrors. When the acoustic wave becomes incident
on the probe 12, the mirror on the side of the incidence of the
acoustic wave deforms in a thickness direction of the polymer
film, and a distance between the two mirrors changes. It is
possible to detect the sound pressure of the incident acoustic
wave by detecting the change of the distance. Specifically,
light (measurement light) for measuring the change of the
distance between the mirrors is applied to the probe 12 from
a surface opposite to a surface on which the acoustic wave is
incident, and the change of the intensity of light as the
reflected measurement light (hereinafter referred to as
reflected light) is detected. With this, it is possible to detect
the change of the sound pressure applied to the probe 12.
[0046] The measurement light source 13 is a wavelength
variable laser device capable of changing the wavelength of
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emitted laser light, and is a unit that generates laser light
having the wavelength determined in the control unit 19
described later. The laser light having a specific wavelength
thatis generated from the measurement light source 13 is used
as the measurement light. A method for determining the
wavelength of the measurement light will be described later.
[0047] The photoacoustic measurement device according
to the present embodiment is capable of setting a position to
which the measurement light is irradiated (hereinafter
referred to as an irradiation position) at any position on the
probe 12.

[0048] The scanning unit 14 is a unit that changes the irra-
diation position of the measurement light on the probe 12.
The scanning unit 14 includes an optical member such as a
movable mirror (e.g., a galvanometer mirror), and is capable
of moving the irradiation position of the measurement light to
two or more positions on the probe (on the interference film)
by moving the optical member.

[0049] The measurement light irradiated to the surface of
the probe 12 is reflected by the resonance mirror, and
becomes incident on the light detection unit 16 through the
half mirror 15.

[0050] Thelightdetectionunit 16 is a unit that measures the
intensity of the incident light (a photodetector and a signal
acquisition unit in the present invention). When the acoustic
wave becomes incident on the probe 12, the distance between
the resonance mirrors changes and the intensity of the
reflected light changes. By measuring the intensity of the
reflected light, it is possible to convert a sound pressure fluc-
tuation of the acoustic wave incident on the probe 12 to an
electrical signal. Hereinbelow, the electrical signal indicative
of the sound pressure fluctuation of the acoustic wave is
referred to as a photoacoustic signal. Note that the light detec-
tion unit 16 may have a unit that amplifies the photoacoustic
signal and a unit that converts an analog electrical signal to a
digital signal. Note that the photoacoustic signal in the
present specification is a concept that includes both of the
analog electrical signal obtained in the light detection unit 16
and the converted digital signal.

[0051] The photoacoustic signal generated by the light
detection unit 16 is a signal indicative of a fluctuation of the
amount of the reflected light at one point on the probe 12. The
light detection unit 16 transmits corresponding coordinates
on the probe to the process unit 17 together with the photoa-
coustic signal.

[0052] In the present embodiment, the above-described
operation is performed repeatedly while the irradiation posi-
tion of the measurement light is changed by using the scan-
ning unit 14. That is, a plurality of photoacoustic signals
acquired at a plurality of positions on the probe 12 are trans-
mitted to the process unit 17.

[0053] Note that, in the following description, the measure-
ment is used as a word that denotes conversion of the sound
pressure of the acoustic wave incident on the probe 12 to the
photoacoustic signal unless otherwise stated.

[0054] The process unit 17 is a unit (an information gen-
eration unit in the present invention) that temporarily stores
information transmitted from the light detection unit 16, and
generates (reconstructs) an image that represents information
on the internal portion of the object, e.g., an optical charac-
teristic value distribution based on the stored information.
Examples of the method of the reconstruction include Fourier
transformation, universal back projection (UBP), filtered
back projection, and phasing addition, and any method may
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be used. Note that, in the case where there is an area where the
film thickness is extremely abnormal (e.g., the case where a
foreign substance is present in an element), the process may
be performed after data obtained in the area is excluded when
the image is reconstructed.

[0055] The display unit 18 is a device that displays infor-
mation generated by the process unit 17 in the form of the
image, and a liquid crystal display is typically used as the
display unit 18, but displays having other systems such as a
plasma display, organic EL display, and FED may also be
used.

[0056] The control unit 19 is a unit that controls the above-
described individual units (a wavelength control unit and a
wavelength acquisition unitin the present invention). Specifi-
cally, the control unit 19 controls the irradiation intensity,
irradiation timing, and irradiation position of each of the
excitation light irradiated to the object and the measurement
light irradiated to the probe. In addition, the control unit 19
also controls the reception timing of the acoustic wave. The
control unit 19 may be implemented by hardware designed
for exclusive use or may also be implemented by a software
module. Further, the control unit 19 may also be implemented
by a field programmable gate array (FPGA) or an application
specific integrated circuit (ASIC), or may also be imple-
mented by a combination thereof.

[0057] Note that the irradiation position of the measure-
ment light is changed by using the scanning unit 14 in the
photoacoustic measurement device according to the present
embodiment, but other configurations may be used as long as
the configuration guides the measurement light to any posi-
tion on the probe 12. For example, a configuration in which
the irradiation position of the measurement light is changed
by using a light emitting element array capable of emitting
light beams having a plurality of wavelengths as the measure-
ment light source and switching between the light emitting
elements may be used.

[0058]

[0059] Before describing a specific measurement method,
the relationship between the detection sensitivity of the
acoustic wave and the wavelength in the Fabry-Perot probe
will be described.

[0060] The Fabry-Perot probe acquires the fluctuation of
the distance between interference mirrors that occurs due to
the sound pressure of the incident acoustic wave by detecting
the intensity of the reflected light of the measurement light.

[0061] Herein, a reflectance (I/1,) in the case where it is
assumed that the intensity of the measurement light irradiated
to the probe 12 is [, and the intensity of the reflected light is
1, can be represented by Expression (1).

<Description of Optimum Wavelength>

[Math. 1]

; 4Rsin? |4 Expression (1)
r 2

I _pps 4Rsin2g

[0062] RinExpression (1)is the reflectance of the mirror of
the probe 12, and ¢ is a phase. Herein, when it is assumed that
the wavelength of the measurement light is A, the refractive
index of a spacer film stacked between the interference mir-
rors 1s 1, and the distance between the mirrors is d, the rela-
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tionship of Expression (2) is established. FIG. 2 is a graph
representing this relationship.

P=(4m/\)xnd

[0063] Inthe graph in FIG. 2, the horizontal axis indicates
the phase, and the vertical axis indicates the reflectance. As
can be seen from the graph, the phase that maximizes the
change of thereflectance to the change of the phase is ¢, in the
drawing. Incidentally, as can be seen from Expression (2), the
relationship between the phase and the distance between the
mirrors d is linear. Consequently, the change of the reflec-
tance to a minute fluctuation of the distance between the
mirrors d caused by the sound pressure of the acoustic wave is
maximized when the phase is ¢,. That is, the detection sen-
sitivity of the acoustic wave is maximized when the phase ¢,
is realized. That is, in the case where a given distance between
the mirrors d is assumed, the wavelength (hereinafier referred
to as an optimum wavelength) A, that maximizes the detec-
tion sensitivity can be represented by Expression (3).

Expression (2)

ho=(4m/y)xnd

[0064] However, the optimum wavelength is not necessar-
ily the same at all of the positions on the probe.

[0065] One of the reasons for that is a fluctuation of tem-
perature. Since the interference film is deformed by heat
depending on the temperature, the film thickness changes
with the deformation, and the optimum wavelength that
depends on the film thickness changes. For example, when
the biological body as the object comes into contact with the
probe, the temperature of the probe fluctuates due to body
temperature, and the optimum wavelength fluctuates due to
the fluctuation. In addition, the fluctuation of the optimum
wavelength is also caused by change of an ambient tempera-
ture.

[0066] Another reason therefore is variations in the thick-
ness of the interference film of the probe. The variations in the
film thickness occur mainly during manufacturing. In the case
where the film thickness is not uniform, the optimum wave-
length differs from one measurement position to another.
[0067] Thus, the optimum wavelength may differ from one
measurement position to another, and the optimum wave-
length may change with time even at the same measurement
position. To cope with this, it is necessary to search for the
optimum wavelength at each measurement position and cause
the wavelength of the measurement light to match the opti-
mum wavelength in order to realize the measurement having
a high sensitivity.

[0068] <Summary of Measurement>

[0069] The photoacoustic measurement device according
to the present embodiment has information on a plurality of
measurement positions (hereinafter referred to as measure-
ment points) set on the probe 12, and acquires the distribution
of the sound pressure of the acoustic wave incident on the
probe by irradiating the measurement light to the measure-
ment points sequentially.

[0070] In addition, some of the plurality of measurement
points are set as reference points (a first point in the present
invention) and, when the photoacoustic measurement device
measures the reference point, the photoacoustic measurement
device performs a search for the optimum wavelength. In
addition, at the other measurement points (a second point in
the present invention. Hereinafter referred to as a non-refer-
ence point), the photoacoustic measurement device performs
the measurement by using the optimum wavelength acquired

Expression (3)
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at the reference point (hereinafter referred to as a reference
wavelength) without performing the search for the optimum
wavelength.

[0071] Information on positions of the measurement point
and the reference point is pre-stored in the control unit 19
together with the order of the measurement. Note that a spe-
cific example of the disposition of the measurement point and
the reference point will be described later.

[0072] <Process Flowchart>

[0073] A description will be given of the method of the
measurement performed on the object by the photoacoustic
measurement device according to the present embodiment
with reference to FIG. 3 as a process flowchart.

[0074] First, in Step S11, the measurement point to which
the measurement light is irradiated is determined, and the
irradiation position of the measurement light is moved to the
measurement point by using the scanning unit 14.

[0075] Next, in Step S12, it is determined whether or not the
target measurement point is the point set as the reference
point. In the case where the target measurement point is the
reference point, the process of searching for the optimum
wavelength is executed in Step S13, and the optimum wave-
length at the reference point is determined. The process
executed in Step S13 is the process in which wavelength
sweeping is performed on the entire range where the optimum
wavelength may be present, and the search for the optimum
wavelength is performed. Hereinafter, such a processis called
entire range sweeping.

[0076] FIG.41is a flowchart specifically showing the search
process of the optimum wavelength performed in Step S13 in
detail. In Step S13, light for performing auxiliary measure-
ment (hereinafter referred to as auxiliary measurement light)
is irradiated to any measurement position on the probe, the
change of the amount of the reflected light is recorded while
the wavelength of the light is changed, and the optimum
wavelength is calculated based on the result.

[0077] First, in Step S131,a wavelength sweeping range for
searching for the optimum wavelength is set. Specifically, a
predicted value of the optimum wavelength calculated from
design values of the interference film is acquired first. Next,
the maximum value of the variations in the thickness of the
interference film and a fluctuation predicted amount of the
wavelength calculated from the maximum temperature dif-
ference are acquired. Then, the fluctuation predicted amount
1s applied to the predicted value of the optimum wavelength,
and the wavelength sweeping range is determined.

[0078] Next, in Step S132, the wavelength sweeping is
performed. The wavelength sweeping in the present specifi-
cation denotes an operation in which the auxiliary measure-
ment light is irradiated to the probe from the measurement
light source 13 a plurality of times while the wavelength is
changed in the set wavelength sweeping range, and the inten-
sity of the reflected light is acquired for each wavelength.
[0079] Lastly, in Step S133, the optimum wavelength is
calculated by the above-described method based on the inten-
sity of the reflected light obtained as the result of the wave-
length sweeping. For example, it is possible to differentiate
acquired data (data indicative of a wavelength dependence of
the amount of the reflected light) with the wavelength and
determine the wavelength having the maximum value as the
optimum wavelength.

[0080] Note that, as the method for calculating the optimum
wavelength, methods other than the method described byway
of example may also be used as long as the wavelength that
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allows the maximum sensitivity can be identified. The opti-
mum wavelength determined in Step S133 is temporarily
stored in association with the position of the reference point.

[0081] Returning to FIG. 3, the description will be contin-
ued.
[0082] In the case where the target measurement point is

not the reference point in the determination in Step S12, the
process is shifted to Step S14, and the optimum wavelength at
the corresponding reference point (the reference wavelength)
is acquired. The reference wavelength acquired in each of
Steps S13 and S14 is set in the measurement light source 13.
[0083] In Step S15, the measurement light having the set
wavelength is irradiated to the measurement point on the
probe 12, and the pulsed light generated in the excitation light
source 11 is irradiated to the object. The irradiated measure-
ment light is reflected by the probe 12, and the intensity (the
light amount) of the reflected light is detected by the light
detection unit 16. Note that the detection of the light amount
performed by the light detection unit 16 is performed in
synchronization with a light emission trigger signal outputted
from the excitation light source 11. The change of the amount
of the reflected light (the photoacoustic signal) detected by
the light detection unit 16 is accumulated in a memory in the
process unit 17.

[0084] In Step S16, it is determined whether or not it is
necessary to perform the measurement at other measurement
points and, in the case where the measurement point that is
not subjected to the process is present, the process is shifted to
Step S13, and the measurement is continued. In the case
where all of the measurement is completed, the process is
shifted to Step S17.

[0085] 1In Step S17, the process unit 17 performs image
reconstruction by using the accumulated photoacoustic sig-
nal, and generates a three-dimensional image representing a
light energy absorption density distribution in the internal
portion of the object. Further, after the process unit 17 per-
forms proper image processing, the process unit 17 outputs
the image to the display unit 18.

[0086] <Disposition Method of Reference Point>

[0087] As described above, the photoacoustic measure-
ment device according to the present embodiment divides a
plurality of measurement points positioned on the probe into
the measurement point (the reference point) at which the
search for the optimum wavelength is performed and the
measurement point (the non-reference point) at which the
search for the optimum wavelength is not performed, and
reduces the measurement time by reusing the optimum wave-
length obtained by the search. However, in the case where the
target measurement point is too far away from the reference
point, the deviation of the optimum wavelength may exceed a
tolerance. To cope with this, the photoacoustic measurement
device according to the present embodiment sets the refer-
ence point such that the deviation amount of the optimum
wavelength falls within a predetermined range.

[0088] A description will be given by using a specific
example.
[0089] FIG. 5is a view showing a relationship between the

wavelength of the measurement light (horizontal axis) and a
normalized measurement sensitivity (vertical axis). Note that
the measurement sensitivity is proportional to a value
obtained by differentiating the reflectance with the phase ¢.
FIG. 5 shows characteristics in the vicinity of the wave-
length=1550 [nm] in the case where the reflectance of the
interference film is 0.9, the refractive index ofthe interference
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film is 1.65 (parylene film), and the film thickness is 30 [um].
Note that parameters other than those mentioned above may
be used.

[0090] As shown in FIG. 5, when it is assumed that the
permissible minimum sensitivity that is represented by a ratio
to the maximum sensitivity (hereinafter referred to as a per-
missible sensitivity) is S,,,, the width of the wavelength that
allows the sensitivity of not less than S, is Ah,,,..

[0091] Inaddition,itis assumed that the maximum value of
a difference between any wavelength included in the wave-
length width and the wavelength that allows the maximum
sensitivity (the optimum wavelength) is Ak, and the mini-
mum value thereof is Ak, ;..

[0092] The reference point may be appropriately set within
a range in which the change amount of the optimum wave-
length resulting from the movement on the interference film is
not more than Ak, .

[0093] Main factors for the deviation of the optimum wave-
length include the change of the temperature, the change of
the thickness of the interference film caused by the tempera-
ture change, and variations in film thickness during the manu-
facturing of the interference film, as described above.

[0094] Herein, when it is assumed that the change amount
of the film thickness to a movement amount Al on the intet-
ference film is (Ad/Al), the change amount can be represented
by Expression (4).

max’

[Math. 2]

Ad ( AT, AT, ) Ad, Expression (4)

VIR WY IR VD A

[0095] Herein, k is a coefficient of thermal expansion [1/°
C.] of the fabry-Perot interference film, and AT, /Al is the
change amount [° C./m] of the temperature to the movement
amount on the interference film that results from the initial
temperature distribution. In addition, AT /Al is the change
amount [° C./m] of the temperature to the movement amount
on the interference film that results from a lapse of time. Note
that AT /Al is the amount that depends on time of measure-
ment of the acoustic wave, and hence AT /Al depends on the
scanning speed and the scanning method of the measurement
light.

[0096] Further, Ad /Al is the change amount [m/m)] (result-
ing from variations in film thickness during manufacturing)
of the film thickness to the movement amount on the inter-
ference film.

[0097] From Expression described above, the difference
A in the optimum wavelength between two points having a
film thickness difference of Ad is represented by Expression

).
Ah=(@Aig))xnad

[0098] Consequently, the movement amount that allows the
sensitivity of not less than the permissible sensitivity S, is a
movement amount |, that satisfies Ak, <Ak<Ah . When
1, and 1 are represented by Expression (6) and Expres-
sion (7),1 . <l_<l __is established.

min= —— max

Expression (5)

[Math. 4]

_ Expression (6)

Lnin
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-continued
[Math. 5]
L= AP0 Expression (7)
ol |
[0099] When the foregoing is marshaled, it can be seen that,

in the case where the distance from the target measurement
point to the reference point is assumed to be 1,, it is possible to
assure the permissible sensitivity S,,,, by disposing the refer-
ence point in the range that satisfies 1, <l,<l

<l
[0100] Note that only the one-dimensional direction on the
interference film has been described in the above example,
and the same description can be applied to two-dimensional
coordinates, and hence the description thereof will be omit-

ted.
[0101] Note that the range of 1 , <l,<l _1is assumed to be
sufficiently small in the above example, and hence it is
assumed that Ad/Al is constant in the range. However, even in
the case where this assumption is not satisfied, the same
description as that in the above example can be used, and

hence the description in that case will be omitted.

[0102] FIG. 6 shows an example in which a plurality of
measurement points and a plurality of reference points are
disposed on the probe 12 such that the above-described con-
dition is satisfied. A reference numeral 601 indicates an area
(hereinafter referred to as a measurement area) on the probe
12 to which the measurement light is irradiated. The measure-
ment point indicated by a reference numeral 602 is a point at
which the measurement is started. Numbers given to the
measurement points denote the order of the measurement.

[0103] Note that the point indicated by a solid circle is the
reference point and the point indicated by a dotted line is the
non-reference point. A square area including nine measure-
ment points conrresponds to an area where the measurement
is performed by using the same wavelength. That is, by using
the optimum wavelength at the reference point positioned at
the center of the square area, the measurement of the other
eight measurement points is performed. When the measure-
ment of the nine measurement points is ended, the measure-
ment position moves to the next square area, and the same
process is repeated.

[0104] Note that the disposition method of the reference
point is not limited to the method described by way of
example as long as the above-described relationship of
1,,:,,=<1;<l,,,. 1s satisfied. In addition, the order of the measure-
ment is not limited to the order thereof described by way of
example. However, it is preferable to make considerations
such that the temperature change of the probe does not
become abrupt.

[0105] In addition, instead of using the arithmetic calcula-
tion described above, the position of the reference point may
also be determined by actually measuring the change of the
measurement sensitivity to the distance on the interference
film.

[0106] Next, a description will be given of effects obtained
in the first embodiment.

[0107] According to the result of a study conducted by the
inventors, the permissible sensitivity S,,, is sufficient if it is
not less than 0.5. Ak, in this case is about 0.5 [nm].

max



US 2016/0113506 A1

[0108] Tt is assumed that the change amount of the film
thickness to the movement amount on the interference film is
107° [m/m], and the temperature change amount on the inter-
ference film is S0[° C./m]. Note that an effect of the temporal
change of the probe temperature exerted on the optimum
wavelength during scanning between the reference points is
not considered.

[0109] Inaddition, parylene is used in the interference film
ofthe probe. In the case of the conditions described above, the
range of 1, is aboutx250 [um] at the maximum.

[0110] When it is assumed that the speed of the wavelength
sweeping is 100 [nnv/s], a sweeping width is 10 [nm], and an
irradiation interval of the measurement light is 100 [um], time
required for at least one wavelength sweeping is 100 [ms].
Consequently, in the case where the measurement is per-
formed on a two-dimensional plane of 100x100 step, when
the wavelength sweeping is performed at all of the measure-
ment points, time of about 1000 [s] is required.

[0111] On the other hand, in the case where the measure-
ment is petformed according to the pattern shown in FIG. 6,
the process amount is %% of the process amount in the case
where the wavelength sweeping is performed at all of the
measurement points, and hence it is possible to reduce the
process time to about 111 [s]. As a matter of course, it is
possible to reduce the measurement time in environments
other than the measurement environment assumed in the fore-
going.

[0112] Thus, in the first embodiment, a pluraliy of the mea-
surement points positioned on the probe are divided into the
measurement point (the reference point) at which the search
for the optimum wavelength is performed and the measure-
ment point (the non-reference point) at which the search for
the optimum wavelength is not performed, and the optimum
wavelength obtained by the search is reused in the measure-
ment of the non-reference point. With this configuration, it is
possible to prevent a reduction in detection sensitivity result-
ing from variations in the temperature of the interference film
and variations in film thickness, and reduce the measurement
time.

Second Embodiment

[0113] In the first embodiment, the measurement of the
non-reference point has been performed by using the refer-
ence wavelength acquired at the reference point. However,
since the reference point and the non-reference point are
spaced apart from each other, a significant fluctuation of the
film thickness or the temperature may occur and the deviation
from the truly optimum wavelength may occur.

[0114] To cope with this problem, a second embodiment is
an embodiment that sweeps the wavelengths before and after
the reference wavelength and determines the truly optimum
wavelength instead of using the reference wavelength
acquired at the reference point without alteration. The sweep-
ing performed in the second embodiment is not the entire
range sweeping described by way of example in the first
embodiment, but is the sweeping for correcting a slight devia-
tion of the wavelength in which the range is limited.

[0115] The system configuration diagram of the photoa-
coustic measurement device in the second embodiment is the
same as that of the first embodiment, and hence the detailed
description thereof will be omitted, and only points of the
process different from those in the first embodiment will be
described.
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[0116] 1In the second embodiment, the processes in Steps
S12, S13, and S14 described in the first embodiment are
replaced with those shown in FIG. 7.

[0117] In Step S21, it is determined whether or not the
measurement point is the point at which the measurement is
started (a measurement start point). In the case where the
measurement point is the measurement start point, the pro-
cess is shifted to Step S22, and the search for the optimum
wavelength is performed by the same process as that in Step
S13. In the case where the measurement point is not the
measurement start point, the process is shifted to Step S23,
the optimum wavelength (the reference wavelength) at the
previous measurement point is acquired, and the wavelength
sweeping range is determined based on the reference wave-
length. Hereinbelow, a specific method will be described.
[0118] Herein, when it is assumed that the change amount
of the film thickness to the movement amount Al on the
interference film is (Ad/Al), and the distance between the
reference point and the non-reference point is 1,, the absolute
value Al of the change amount of the optimum wave-

range

length is represented by Expression (8).

[Math. 6]

Ad
‘A

4nn

3

Expression (8)

E
AArange = —nlAd| = 13
%o

[0119] When the reference wavelength is assumed to be A,
the wavelength sweeping range required to determine the
optimum wavelength is a range represented by
=D pgeShsho AN, o

[0120] Processesin Steps S24 and S25 are the same as those
in Steps S132 and S133, and hence the description thereof
will be omitted.

[0121] FIG. 8 is a view showing disposition positions of a
plurality of measurement points and reference points on the
probe 12. The measurement point indicated by a reference
numeral 801 is the point at which the measurement is started
(the measurement start point), and numbers given to the mea-
surement points denote the order of the measurement. In the
present embodiment, the non-reference point at which the
measurement is performed at a given timing serves as the
reference point when the next measurement point is mea-
sured.

[0122] Thus, in the second embodiment, the reference
wavelength is acquired by using the previous measurement
point as the reference point, the range of the wavelength is
narrowed down based on the reference wavelength, and the
wavelength sweeping is performed. With this, itis possible to
acquire the optimum wavelength at each measurement point
accurately at high speed.

[0123] Note that the wavelength sweeping range is deter-
mined while the previous measurement point is referred to in
the present embodiment, but the reference point does not
necessarily need to be the previous measurement point. For
example, it is also possible to use the second previous mea-
surement point or the distant measurement point as the refer-
ence point. Alternatively, the other measurement point at
which the measurement has been performed may be used as
the reference point.

[0124] In addition, the value of AN, .. may be calculated
from known parameters, or may also be determined by actual
measurement. The entire range sweeping has been performed
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only at the measurement start point in the second embodi-
ment, but the entire range sweeping may also be performed at
any measurement point other than the point at the position
described by way example. For example, in the case where a
plurality of measurement points are disposed in a plurality of
rows, the entire range sweeping may be performed every time
the measurement position moves to the next row. In addition,
the entire range sweeping may be performed every time the
measurement is performed a predetermined number of times.
[0125] In the case where the optimum wavelength cannot
be determined in the wavelength sweeping range set in Step
S23, the search may also be performed again after the wave-
length sweeping range is expanded. In this case, the upper
limit of the range may be raised and the lower limit thereof
may be lowered with the value of A}, .. used as the refer-
ence.

[0126] Next, a description will be given of effects obtained
in the second embodiment. Herein, the case where the mea-
surement is performed by the method shown in FIG. 8 with
the same parameters as those in the first embodiment will be
studied.

[0127] Whenitis assumed that the speed of the wavelength
sweeping is 100 [nm/s], Ak, . is 0.1 [nm], and the irradia-
tion interval of the measurement light is 100 [um)], since the
range of £0.1 [nm] with i, used as the center wavelength is
swept, time required for at least one wavelength search is 2
[ms]. Consequently, in the case where the measurement is
performed on the two-dimensional plane of 100x100 step, the
total time required for the wavelength sweeping is about 20
[s] and, similarly to the first embodiment, it is possible to
significantly reduce the measurement time as compared with
the conventional art.

[0128] Note that, actually, since it takes some time to switch
the wavelength of the laser, the total measurement time does
not necessarily have the above-described value. However, as
compared with the photoacoustic measurement device
according to the conventional art, it is possible to significantly
reduce the measurement time.

Third Embodiment

[0129] In each of the first and second embodiments, the
photoacoustic measurement device that generates the acous-
tic wave by irradiating the pulsed light to the object has been
described. On the other hand, the present invention can also
be applied to a device (an acoustic measurement device) that
transmits the acoustic wave to the object and acquires infor-
mation on the internal portion of the object by detecting the
reflected acoustic wave. A third embodiment is an embodi-
ment in which the present invention is applied to the acoustic
measurement device.

[0130] FIG.9isasystem configuration diagram ofan ultra-
sonic measurement device according to the third embodi-
ment. The ultrasonic measurement device according to the
present embodiment is a device that transmits an ultrasonic
wave to the object and images an interface having adifference
in acoustic impedence in the internal portion of the object by
detecting the reflected ultrasonic wave. The same units as
those in the first and second embodiments are designated by
the same reference numerals, and the description thereof will
be omitted.

[0131] Theultrasonic measurement device according to the
present embodiment has a transducer 901 that transmits the
ultrasonic wave to the object. In addition, in the present
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embodiment, the control unit 19 has the function of control-
ling the waveform of the ultrasonic wave transmitted from the
transducer 901.

[0132] In the present embodiment, the probe 12 is a unit
that receives the ultrasonic wave reflected in the internal
portion of the object. That s, it is possible to detect the sound
pressure of the ultrasonic wave reflected at an interface of a
tissue having the acoustic impedence different from that of
the surrounding area such as a tumor.

[0133] Note thata process of generating the image based on
the detected ultrasonic wave is the same as that in the first
embodiment, and hence the description thereof will be omit-
ted.

[0134] According to the third embodiment, in the device
(the acoustic measurement device) that images the interface
having the difference in acoustic impedence in the internal
portion of the object, similarly to the first and second embodi-
ments, it is possible to achieve a reduction in measurement
time and an improvement in detection sensitivity.

[0135] (Modification)

[0136] Thedescriptions of the embodiments are exemplary
descriptions given to illustrate the present invention, and the
present invention can be implemented by appropriatly chang-
ing or combining the embodiments without departing from
the gist of the invention.

[0137] For example, the present invention can also be
implemented as the photoacoustic measurement device or the
acoustic measurement device that includes at least part of the
aboveprocesses. In addition, the present invention can also be
implemented as a control method of the photoacoustic mea-
surement device or the acoustic measurement device that
includes at least part of the above processes. Further, the
present invention can be implemented as a single acoustic
wave detection device or can also be implemented as an
acoustic wave detection method executed by the acoustic
wave detection device. The above processes and units can be
combined arbitrarily as long as no technical conflicts occur.

[0138] In each of the first and second embodiments, the
excitation light is irradiated to the object from the direction in
which the excitation light is not hindered by the probe 12, but
the excitation light may also be irradiated to the object via the
probe by using the excitation light having a wavelength that
allows the excitation light to pass through the mirror of the
probe 12.

[0139] Inaddition, an acoustic coupling medium other than
that described by way of example may be disposed between
the object and the probe. For example, the measurement may
be performed by disposing the object in a water tank, and
bringing the probe 12 into intimate contact with the surface of
water.

[0140] Further, in each of the first and second embodi-
ments, the example in which the pulsed light having the single
wavelength is irradiated to the object as the excitation light
has been described, but pulsed light beams having a plurality
of wavelengths may be irradiated to the object and, based on
obtained optical coefficients of the internal portion of the
object, a concentration distribution of a substance constitut-
ing the tissue of the object may be acquired. For example, it is
possible to calculate the distribution of a substance concen-
tration in the internal portion of the object, particularly the
concentration distributions of oxygen included in blood in a
blood vessel, fat, collagen, glucose, and hemoglobin by using
photoacoustic signals obtained using a plurality of wave-
lengths and spectrum information.
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Other Embodiments

[0141] Embodiment(s) of the present invention can also be
realized by a computer ofa system or apparatus that reads out
and executes computer executable instructions (e.g., one or
more programs) recorded on a storage medium (which may
also be referred to more fully as a ‘non-transitory computer-
readable storage medium’) to perform the functions of one or
more of the above-described embodiment (s) and/or that
includes one or more circuits (e.g., application specific inte-
grated circuit (ASIC)) for performing the functions of one or
more of the above-described embodiment(s), and by a
method performed by the computer of the system or appara-
tus by, for example, reading out and executing the computer
executable instructions from the storage medium to perform
the functions of one or more of the above-described embodi-
ment(s) and/or controlling the one or more circuits to perform
the functions of one or more of the above-described embodi-
ment(s). The computer may comprise one or more processors
(e.g., central processing unit (CPU), micro processing unit
(MPU)) and may include a network of separate computers or
separate processors to read out and execute the computer
executable instructions. The computer executable instruc-
tions may be provided to the computer, for example, from a
network or the storage medium. The storage medium may
include, for example, one or more of a hard disk, a random-
access memory (RAM), a read only memory (ROM), a stor-
age of distributed computing systems, an optical disk (such as
acompact disc (CD), digital versatile disc (DVD), or Blu-ray
Disc (BD)™), a flash memory device, a memory card, and the
like.

[0142] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0143] This application claims the benefit of Japanese
Patent Application No. 2014-215449, filed on Oct. 22, 2014,
which is hereby incorporated by reference herein in its
entirety.

What is claimed:

1. An acoustic wave detection device irradiating measure-
ment light to an interference film and measuring an intensity
of an acoustic wave incident on the interference film based on
an intensity of the measurement light reflected by the inter-
ference film, the acoustic wave detection device comptising:

the interference film formed of two opposing reflective
layers;

a first light source configured to irradiate light to at least
two different positions of the interference film and
capable of changing a wavelength of the light;

a photodetector configured to detect an intensity of
reflected light which is the light reflected by the inter-
ference film;

a signal acquisition unit configured to acquire an electrical
signal corresponding to the acoustic wave incident on
the interference film based on a change of the intensity of
the reflected light detected by the photodetector;

a wavelength acquisition unit configured to acquire a ref-
erence wavelength, which is a wavelength of the mea-
surement light emitted when measurement is performed
on a first point on the interference film; and

a wavelength control unit configured to determine the
wavelength of the measurement light emitted when the
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measurement is performed on a second point on the
interference film based on the reference wavelength, and
set the determined wavelength in the first light source.

2. The acoustic wave detection device according to claim 1,

further comprising:

a second wavelength control unit configured to, when the
measurement is performed on the first point, irradiate the
light emitted from the first light source, to the first point
aplurality of times as auxiliary measurement light while
changing the wavelength, and determine the wavelength
of the measurement light irradiated to the first point
based on the intensity of the reflected light acquired for
each wavelength.

3. The acoustic wave detection device according to claim 2,

wherein

when the measurement is performed on the second point,
the wavelength control unit determines a sweeping
range that is a range in which the wavelength is swept
based on the reference wavelength, irradiates the light
emitted from the first light source, to the second point a
plurality of times as auxiliary measurement light while
changing the wavelength in the sweeping range, and
determines the wavelength of the measurement light
irradiated to the second point based on the intensity of
the reflected light acquired for each wavelength.

4. The acoustic wave detection device according to claim 1,

wherein

the first point is a point such that the difference in thickness
of the interference film between the first point and the
second point is smaller than a predetermined value.

5. The acoustic wave detection device according to claim 1,

wherein

the first point is a point such that the difference in tempera-
ture on the interference film between the first point and
the second point is smaller than a predetermined value.

6. A photoacoustic measurement device comprising:

an interference film formed of two opposing reflective
layers;

a first light source configured to irradiate measurement
light to at least two different positions of the interference
film and capable of changing a wavelength of light;

a photodetector configured to detect an intensity of
reflected light which is the measurement light reflected
by the interference film;

a second light source configured to irradiate excitation
light to an object;

a signal acquisition unit configured to acquire an electrical
signal corresponding to an acoustic wave that is gener-
ated from an internal portion of the object due to the
excitation light and is incident on the interference film,
based on a change of the intensity of the reflected light
detected by the photodetector;

a wavelength acquisition unit configured to acquire a ref-
erence wavelength, which is a wavelength of the mea-
surement light emitted when measurement is performed
on a first point on the interference film;

a wavelength control unit configured to determine the
wavelength of the measurement light emitted when the
measurement is performed on a second point on the
interference film based on the reference wavelength, and
set the determined wavelength in the first light source;
and
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an information generation unit configured to acquire char-
acteristic information on the internal portion of the
object based on the electrical signal acquired by the
signal acquisition unit.

7. An acoustic wave detection method performed by an
acoustic wave detection device having an interference film
formed of two opposing reflective layers, a first light source
configured to irradiate light to at least two different positions
of the interference film and capable of changing a wavelength
of the light, and a photodetector configured to detect an inten-
sity of the light reflected by the interference film, the acoustic
wave detection method comprising:

a wavelength acquisition step of acquiring a reference
wavelength, which is a wavelength of measurement light
emitted when measurement is performed on a first point
on the interference film;

awavelength control step of determining the wavelength of
the measurement light emitted when the measurement is
performed on a second point on the interference film
based on the reference wavelength, and setting the deter-
mined wavelength in the first light source;

an irradiation step of irradiating the measurement light to
the interference film from the first light source; and

a signal acquisition step of acquiring an electrical signal
corresponding to an acoustic wave incident on the inter-
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ference film based on a change of the intensity of the
reflected light detected by the photodetector.

8. The acoustic wave detection method according to claim
7, further comprising a second wavelength control step of,
when the measurement is performed on the first point, irra-
diating the light emitted from the first light source, to the first
point a plurality of times as auxiliary measurement light
while changing the wavelength, and determining the wave-
length of the measurement light irradiated to the first point
based on the intensity of the reflected light acquired for each
wavelength.

9. The acoustic wave detection method according to claim
7, wherein

when the measurement is performed on the second point in
the wavelength control step, a sweeping range that is a
range in which the wavelength is swept is determined
based on the reference wavelength, the light emitted
from the first light source is irradiated to the second point
aplurality of times as auxiliary measurement light while
the wavelength is changed in the sweeping range, and
the wavelength of the measurement light irradiated to
the second point is determined based on the intensity of
the reflected light acquired for each wavelength.

* ok %k
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