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(57)  Anarray of a plurality of ultrasonic transducers
having a piezoelectric layer 2 and a couple of electrodes
7-1 and 7-2 sandwiching the piezoelectric layer there-
between is provided. The piezoelectric layer 2 has a first
piezoelectric layer 2-1 provided on the ultrasonic-wave
emission side, a second piezoelectric layer 2-2 provided
on the other side of the first piezoelectric layer 2-1, and
a common electrode 8 provided therebetween. Each of
the ultrasonic transducers has a low-frequency re-
sponse distribution that is uniform in the minor-axis di-
rection perpendicular to a direction in which the ultra-
sonic transducers are arranged and a high high-fre-
quency response distribution at a center part in the mi-
nor-axis direction. The characteristics of the minor-axis-
direction frequency and sound pressure of the first pie-
zoelectric layer are complemented by those of the sec-
ond piezoelectric layer, whereby a uniform frequency
characteristic for a minor-axis-direction low frequency is
obtained.

ULTRASONIC PROBE AND ULTRASONIC DIAGNOSING DEVICE

FIG. 1
|
5
3 6
v
2
6
6
4
ULTRASONCIWAVE MAJOR=-AXIS DIRECTION
EMISSION DIRECTION

MINOR-AXIS
DIRECTION
BACK-FACE DIRECTION

Printed by Jouve, 75001 PARIS (FR)



1 EP 1 591 067 A1 2

Description
Technical Field

[0001] The present invention relates to an ultrasonic
probe for transmitting and receiving an ultrasonic wave
between itself and a patient, and an ultrasonic diagnos-
ing apparatus including the probe. More specifically, the
present invention relates to an ultrasonic probe that can
change an aperture in the minor-axis direction.

Background Art

[0002] In general, an ultrasonic transducer includes a
pair of electrodes sandwiching a layer including a pie-
zoelectric material (hereinafter referred to as a piezoe-
lectric layer), and an ultrasonic probe includes a plurality
ofthe ultrasonic transducers, where the ultrasonic trans-
ducers are one-dimensionally arrayed, for example.
Further, a predetermined number of transducers of the
transducers arrayed in the major-axis direction are de-
termined to be an aperture, the plurality of transducers
belonging to the aperture is driven, and an ultrasonic
beam converges to a part to be measured in a patient
so that the part is irradiated with the ultrasonic beam.
Further, the plurality of transducers belonging to the ap-
erture receives an ultrasonic reflective echo or the like
emitted from the patient and the ultrasonic reflective
echo is converted to an electrical signal.

[0003] On the other hand, as for the minor-axis direc-
tion perpendicular to the above-described major-axis di-
rection, an aperture-width is modified by changing the
frequency of an ultrasonic wave so that the beam-width
of the ultrasonic beam decreases and the resolution in-
creases (Patent Document 1: JP7-107595A). In an ul-
trasonic probe according to Patent Document 1, the
thickness of a piezoelectric layer at the center in the mi-
nor-axis direction is small and gradually increases to-
ward the end thereof. Therefore, the response to a high
frequency at the center is high and the response to a
low frequency at the end in the minor-axis direction is
high, so that a wide-band frequency characteristic is ob-
tained. As a result, the aperture-width in the minor-axis
direction of the ultrasonic probe varies inversely with a
frequency, whereby a fine beam-width is achieved over
an area ranging from a shallow depth to a deep depth.
[0004] However, according to the ultrasonic probe
disclosed in Patent Document 1, the low-frequency re-
sponses at both ends in the minor-axis direction become
higher than that at the center part and the sound pres-
sure at each of the ends is higher than that at the center
part, whereby a nonuniform sound-pressure distribution
is obtained. Subsequently, the resolution of the ultrason-
ic probe decreases.

Disclosure of Invention

[0005] The present invention has been achieved for
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making the frequency response of an ultrasonic probe
to a minor-axis-direction frequency uniform.

[0006] The present invention solves the above-de-
scribed problems through the following means.

[0007] According to the presentinvention, in an ultra-
sonic probe including an array of a plurality of ultrasonic
transducers, where each of the ultrasonic transducers
has a piezoelectric layer and a couple of electrodes
sandwiching the piezoelectric layer therebetween, the
piezoelectric layer has a first piezoelectric layer provid-
ed on the ultrasonic-wave emission side, a second pie-
zoelectric layer provided on the other side of the first
piezoelectric layer, and a common electrode provided
therebetween. The ultrasonic probe has a low-frequen-
cy-response distribution that is uniform for an entire ap-
erture in the minor-axis direction perpendicular to a di-
rection in which the ultrasonic transducers are arrayed
and a high-frequency-response distribution that is high
at the center part in the minor-axis direction.

[0008] The above-described frequency-response dis-
tributions can be achieved by the following means
shown in (1) to (9).

(1) The thickness of the end in the minor-axis direc-
tion of the first piezoelectric layer is smaller than the
thickness of the center part of the first piezoelectric
layer and the thickness of the end of the second pi-
ezoelectric layer is larger than the thickness of the
center part of the second piezoelectric layer,

(2) each of faces of the first and second piezoelec-
tric layers, the faces being in contact with the couple
of electrodes, is plane and a boundary surface be-
tween the first piezoelectric layer and the second
piezoelectric layer is formed, as a curved face de-
pressed to the second-piezoelectric-layer side,

(3) each of the faces of the first and second piezo-
electric layers, the faces being in contact with the
couple of electrodes, is plane and the boundary sur-
face between the first piezoelectric layer and the
second piezoelectric layer is formed, as a crest
whose ridge line corresponds to the center part in
the minor-axis direction,

(4) each of the faces of the first and second piezo-
electric layers, the faces being in contact with the
couple of electrodes, is plane and the boundary sur-
face between the first piezoelectric layer and the
second piezoelectric layer has a plane part that is
provided at the center part in the minor-axis direc-
tion and that is projected to the second-piezoelec-
tric-layer side, and a plane part that is provided at
each of both the ends, where the plane parts are
projected to the first-piezoelectric-layer side,

(5) the face of the first piezoelectric layer on the ul-
trasonic-wave emission side is concave, the face of
the second piezoelectric layer on the ultrasonic-
wave non-emission side is convex, and the bound-
ary surface between the first piezoelectric layer and
the second piezoelectric layer is depressed to the
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second-piezoelectric-layer side with a curvature
larger than the curvature of the face of the first pie-
zoelectric layer on the ultrasonic-wave emission
side,

(6) the face of the first piezoelectric layer on the ul-
trasonic-wave emission side is concave, the face of
the second piezoelectric layer on the ultrasonic-
wave non-emission side is convex, and the bound-
ary surface between the first piezoelectric layer and
the second piezoelectric layer is formed, as the
crest whose ridge line corresponds to the center
part in the minor-axis direction,

(7) each of the first and second piezoelectric layers
has a predetermined thickness, where the density
of a piezoelectric material used for the first piezoe-
lectric layer decreases from the center part in the
minor-axis direction toward the end, and where the
density of a piezoelectric material used for the sec-
ond piezoelectric layer increases from the center
part in the minor-axis direction toward the end, and
(8) in addition to the configuration shown in (1) to
(7), an adjustment layer including a material whose
acoustic impedance is nearly equivalent to the
acoustic impedance of the piezoelectric material
used for the piezoelectric layer is provided on the
ultrasonic-wave non-emission side of the second
piezoelectric layer, where the thickness in the mi-
nor-axis direction of the adjustment layer gradually
increases from the center part to the end.

[0009] According to the above-descried (1) to (7), the
piezoelectric layer includes two layers and the minor-
axis-direction frequency characteristic and sound-pres-
sure characteristic of the first piezoelectric layer and
those of the second piezoelectric layer complement one
another. Subsequently, responses to low frequencies in
the minor-axis direction are made uniform. That is to
say, the thickness of the second piezoelectric layer
gradually increases from the center part thereof in a di-
rection perpendicular to a direction in which the ultra-
sonic transducers are arrayed (hereinafter referred to
as a minor-axis direction) toward the ends. Therefore,
the high-frequency response at the center part becomes
high. On the other hand, the thickness of the first piezo-
electric layer decreases from the center part in the mi-
nor-axis direction toward the ends, so that the low-fre-
quency response at the center part becomes high. Since
the frequency-response characteristic of the first piezo-
electric layer is added to that of the second piezoelectric
layer, the minor-axis-direction response characteristic
for alow frequency becomes uniform. Subsequently, ac-
cording to the ultrasonic probe of the present invention,
it becomes possible to obtain a high response to a high
frequency at the center part in the minor-axis direction
of the transducers and a uniform low-frequency re-
sponse for each of the entire aperture, whereby it be-
comes possible to obtain a small ultrasonic beam-width
over an area ranging from a small depth to a large depth,
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so that a high resolution is achieved.

[0010] Further, since the acoustic impedance of the
adjustment layer according to configuration (8) is nearly
equivalent to that of the piezoelectric material, there is
a large difference between the acoustic impedance of
the adjustment layer and that of the backing layer pro-
vided on the anti-piezoelectric-layer side of the adjust-
ment layer. Subsequently, an ultrasonic wave is effec-
tively reflected by the adjustment layer and the frequen-
cy characteristic of the reflective ultrasonic wave de-
pends on the thickness. As a result, the response char-
acteristic in the minor-axis direction of the transducer
for a low frequency becomes more uniform than in the
past. Further, a high-frequency component of an ultra-
sonic wave emitted from the transducer to the back-face
side is reflected by the adjustment layer that is thin at
the center of the transducer and transmitted back to the
ultrasonic-wave emission side. Subsequently, the
sound pressure of a high frequency emitted from the
center of the ultrasonic probe in the minor-axis direction
to the patient increases, whereby a high-frequency re-
sponse is obtained at the center of the transducer in the
minor-axis direction.

[0011] Here, the backing layer includes a material
whose acoustic impedance is significantly smaller than
that of the piezoelectric layer. Further, the attenuation
rate of the material is higher than that of the piezoelectric
layer. Subsequently, it becomes possible to change the
frequency characteristic in the minor-axis direction and
achieve the function for changing an aperture according
to a frequency. Further, the distribution of the thickness
of the adjustment layer in the minor-axis direction is de-
termined to be a frequency characteristic for achieving
a predetermined high-frequency response distribution.
[0012] In place of the above-described configurations
(1) to (8), there is provided configuration (9), wherein
each of the first and second piezoelectric layers has a
predetermined thickness, the adjustment layer including
the material whose acoustic impedance is nearly equiv-
alent to the acoustic impedance of the piezoelectric ma-
terial used for the piezoelectric layer is provided on a
back face of the electrode in contact with the second
piezoelectric layer, and the thickness of the adjustment
layer gradually increases from the center part of the ul-
trasonic transducer in the minor-axis direction toward
the end.

[0013] Since the above-described adjustment layer is
provided, the response characteristic for a low frequen-
cy in the minor-axis direction of the transducer becomes
uniform and a high high-frequency response can be ob-
tained at the center of the transducer in the minor-axis
direction, as described above.

[0014] Further, the ultrasonic diagnosing apparatus of
the present invention uses the ultrasonic probe of the
present invention. Transmission means for transmitting
an ultrasonic signal for driving the transducers of the ul-
trasonic probe has the function of transmitting an ultra-
sonic signal with a frequency according to a control in-
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struction to the ultrasonic probe. A reception-processing
means for performing reception processing for a reflec-
tive-echo signal received by the ultrasonic probe has the
function of selecting a reflective-echo signal with the fre-
quency according to the control instruction and perform-
ing the reception processing. Subsequently, a high-fre-
quency response can be obtained at the center of the
transducer in the minor-axis direction. Further, since the
response characteristic for a low frequency in the minor-
axis direction becomes uniform, it becomes possible to
obtain the small ultrasonic beam-width over the area
ranging from a small depth to a large depth and achieve
the high resolution.

Brief Description of the Drawings
[0015]

Fig. 1 is a perspective view of main part of an ultra-
sonic probe according to an embodiment of the
present invention.

Fig. 2 shows the entire configuration of an ultrasonic
diagnosing apparatus according to the embodiment
of the present invention.

Fig. 3 is a sectional view of part relating to a piezo-
electric layer according to the embodiment shown
in Fig. 1.

Fig. 4 shows a graph illustrating a frequency char-
acteristic of the embodiment shown in Fig. 1.

Fig. 5 is a chart showing the relationship between
a frequency and a focus depth of the embodiment
shown in Fig. 1.

Fig. 6 is a chart illustrating the relationship between
a frequency and a relative sound pressure of the
embodiment shown in Fig. 1.

Fig. 7 is a sectional view of part relating to a piezo-
electric layer according to a second embodiment of
the present invention.

Fig. 8 is a sectional view of part relating to a piezo-
electric layer according to a third embodiment of the
present invention.

Fig. 9 is a sectional view of part relating to a piezo-
electric layer according to a fourth embodiment of
the present invention.

Fig. 10 is a sectional view of part relating to a pie-
zoelectric layer according to a fifth embodiment of
the present invention.

Fig. 11 is a sectional view of part relating to a pie-
zoelectric layer according to a sixth embodiment of
the present invention.

Fig. 12 is a sectional view of part relating to a pie-
zoelectric layer according to a seventh embodiment
of the present invention.

Fig. 13 is a sectional view of part relating to a pie-
zoelectric layer according to an eighth embodiment
of the present invention.

Fig. 14 is a sectional view of part relating to a pie-
zoelectric layer according to a ninth embodiment of
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the present invention.

Fig. 15 is a sectional view of part relating to a pie-
zoelectric layer according to a tenth embodiment of
the present invention.

Fig. 16 is a sectional view of part relating to a pie-
zoelectric layer according to an eleventh embodi-
ment of the present invention.

Best Mode for Carrying Out the Invention

[0016] Embodiments of the present invention will be
described with reference to the attached drawings, as
below.

(First Embodiment)

[0017] Anembodiment of the presentinvention will be
described with reference to Figs. 1 to 3. Fig. 1 is a per-
spective view of the main part of an ultrasonic probe ac-
cording to the embodiment of the present invention. Fig.
2 shows the entire configuration of an ultrasonic diag-
nosing apparatus according to the embodiment of the
present invention. Fig. 3 is a sectional view of part re-
lating to a piezoelectric layer according to the embodi-
ment.

[0018] In Fig. 2, an ultrasonic pulse transmitted from
an ultrasonic-pulse generation circuit 31 is transmitted
to a transmission unit 32 and subjected to transmission
processing including transmission-focus processing,
amplifying processing, and so forth therein. Then, the
ultrasonic pulse is transmitted to an ultrasonic probe 1
via a transmission/reception separation unit 33. A reflec-
tive-echo signal received by the ultrasonic probe 1 is
transmitted to a reception-processing unit 35 via the
transmission/reception separation unit 33 and subject-
ed to reception processing including amplifying, recep-
tion-and-phasing processing, and so forth therein. The
reflective-echo signal transmitted from the reception-
processing unit 35 is transmitted to an image-process-
ing unit 36 and subjected to predetermined image-re-
construction processing therein. An ultrasonic image re-
constructed by the image-processing unit 36 is dis-
played on a monitor 37. The above-described ultrason-
ic-pulse generation circuit 31, the transmission unit 32,
the reception-processing unit 35, and the image-
processing unit 36 are controlled based on a control in-
struction transmitted from a control unit 38 including a
computer or the like. Further, the control unit 38 makes
various settings and/or exerts control based on an in-
struction transmitted from an input unit 39. Further, the
control unit 38 selects a configuration for scanning an
ultrasonic beam by controlling an aperture-selection
switch that is not shown. Further, part of the reception-
processing unit 35 and the image-processing unit 36
can be formed, as a computer.

[0019] The ultrasonic probe 1 of the embodiment in-
cludes a piezoelectric layer 2, an acoustic-matching lay-
er 3 provided on the ultrasonic-wave-emission-face side
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of the piezoelectric layer 2, a backing layer 4 provided
on the back-face side of the piezoelectric layer 2, and
an acoustic lens 5 provided on the ultrasonic-wave-
emission-face side of the acoustic-matching layer 3, as
shown in Fig. 1. The piezoelectric layer 2 and the acous-
tic-matching layer 3 are divided into a plurality of parts
by a plurality of separation layers 6 arranged in the ma-
jor-axis direction of the ultrasonic probe 1 so that each
of the parts functions, as a transducer. Further, part of
one side of the backing layer 4, the side being in contact
with the piezoelectric layer 2, is divided into a plurality
of parts by the plurality of separation layers 6.

[0020] Here, the acousticlens 5is used for performing
focusing in the minor-axis direction and includes a ma-
terial such as silicon rubber whose acoustic impedance
is nearly equivalent to that of a body and whose sonic
speed is slower than that of the body. The acoustic-
matching layer 3 includes two layers. Each of the two
layers functions, as a 1/4-wavelength plate for a center
frequency. Further, the lower layer of the acoustic-
matching layer 3 includes a material such as ceramic
whose acoustic impedance is lower than that of the pi-
ezoelectric layer 2. Further, the upper layer of the acous-
tic-matching layer 3 includes a material such as resin
whose acoustic impedance is nearer to that of the body
than in the case of the lower layer. The piezoelectric lay-
er 2 includes piezoelectric-ceramic PZT, PZLT, a piezo-
electric single crystal PZN-PT, PMN-PT, an organic pi-
ezoelectric material PVDF, and/or a complex piezoelec-
tric layer including the above-described materials and a
resin. The backing layer 4 includes a material that has
a large ultrasonic attenuation rate and that attenuates
an ultrasonic wave emitted toward the back of the pie-
zoelectric layer 2. The separation layers 6 include a ma-
terial that can significantly attenuate an ultrasonic wave
(e.g., a material equivalent to a vacuum).

[0021] Fig. 3 is the sectional view of part of each of
the piezoelectric layer 2 and the backing layer 4 accord-
ing to the embodiment. This drawing is a sectional view
of the piezoelectric layer 2 along the minor-axis direction
perpendicular to the major-axis direction. The piezoe-
lectric layer 2 has two layers including a first piezoelec-
tric layer 2-1 and a second piezoelectric layer 2-2 that
are laminated on each other. A couple of electrodes 7-1
and 7-2 are provided on an ultrasonic-wave emission
face of the first piezoelectric layer 2-1 and a back face
of the second piezoelectric layer 2-2. Further, acommon
electrode 8 is provided at the boundary of the first pie-
zoelectric layer 2-1 and the second piezoelectric layer
2-2. The above-described electrodes 7-1, 7-2, and 8 in-
cludes metal such as silver, platinum, gold, copper, nick-
el, and so forth, so as to have a thickness of 10 um or
less.

[0022] Here, the first piezoelectric layer 2-1 is formed,
so as to have a plane-convex shape, that is to say, the
ultrasonic-wave emission face thereof is plane and the
back face thereof is convex. Further, the center part
thereof has the largest thickness T1max. The thickness
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of the first piezoelectric layer 2-1 decreases toward each
of the ends. Therefore, each of the ends of the first pi-
ezoelectric layer 2-1 has the smallest thickness T1min.
On the other hand, the second piezoelectric layer 2-2 is
formed, so as to have a concave-plane shape, that is to
say, the ultrasonic-wave emission face thereof is con-
cave and the back face thereof is plane. Further, the
center part thereof has a smallest thickness T2min. The
thickness of the first piezoelectric layer 2-2 increases
toward each of the ends. Therefore, each of the ends of
the second piezoelectric layer 2-2 has the largest thick-
ness T2max. Subsequently, faces that are in contact
with the electrodes 7-1 and 7-2 of the piezoelectric layer
2 are formed on planes that are in parallel with each oth-
er and a boundary surface between the first piezoelec-
tric layer 2-1 and the second piezoelectric layer 2-2 is
depressed to the second-piezoelectric-layer-2-2 side.
Incidentally, the piezoelectric layer 2 may be formed so
that the expression T1max = T2min and the expression
T1min/T2max = 1/4 hold, for example.

[0023] Operations performed for making an ultrasonic
diagnosis by using the above-described ultrasonic
probe of the embodiment will now be described. First,
the electrode 7-1 and the electrode 7-2 are grounded,
and an ultrasonic transmission signal transmitted from
the transmission unit 32 is applied to the common elec-
trode 8. Here, the frequency of the transmission signal
for driving the ultrasonic probe is controlled by the ultra-
sonic-pulse generation circuit 31. Further, the focus po-
sition of the ultrasonic beam is calculated by the control
unit 38 according to the depth of a part to be measured.
The part to be measured can be inputted and set by an
operator through the input unit 39. An instruction is
transmitted from the control means 38 to the ultrasonic-
pulse generation circuit 31 and the transmission unit 32
according to the depth of the part to be measured that
is setin the above-described manner, and the frequency
of the transmission signal and the focus position are set.
The control unit 38 transmits an instruction to the recep-
tion-processing unit 35, so as to set the frequency and
focus position of a reflective-echo signal subjected to
reception processing so that the frequency and focus
position agree with those of the transmission signal.
[0024] Thus, the ultrasonic probe is driven, whereby
an ultrasonic wave is generated in the piezoelectric lay-
er 2 and emitted from the face thereof on the electrode
7-1 side. Here, since the piezoelectric layer 2-2 has the
concave-plane shape, the piezoelectric layer 2-2 reso-
nates at its ends at low frequencies, as is the case with
the known art, and the sound pressure at low frequen-
cies increases. On the other hand, since the piezoelec-
tric layer 2-1 has the plane-convex shape and has a
small thickness at each of its ends, the low-frequency
sound pressure at each of the ends is low. As a result,
by laminating the piezoelectric layer 2-1 on the piezoe-
lectric layer 2-2, the low-frequency sound pressure at
the ends can be prevented from being emphasized.
[0025] Here, an effect relating to the frequency char-
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acteristic of the ultrasonic probe of the embodiment will
be described with reference to Figs. 4 to 6. Fig. 4 shows
the graph of the frequency characteristic of the embod-
iment, Fig. 5 is a chart showing the relationship between
the frequency and focus depth of the embodiment, Fig.
6 is a chart illustrating the relationship between the fre-
quency and relative sound pressure of the embodiment.
In Fig. 4, the lateral axis indicates the frequency and the
vertical axis indicates the relative sound pressure, a sol-
id line 11 denotes a frequency-characteristic curve at the
center in the minor-axis direction, an alternate long and
short dash line 12 denotes a frequency-characteristic
curve at the midpoint between the center and the end,
and a dotted line 13 denotes a frequency-characteristic
curve at the end. Further, in this drawing, the sign f g e
denotes the center frequency of a high frequency fi,gp,
and a low frequency f,,,. As is clear from this drawing,
according to this embodiment, the high frequency fi,gp,
resonates at the center and the low frequency f,,,, res-
onates in an area extending from the end to the center.
Subsequently, the aperture decreases at the high fre-
quency fiign, s that a narrow beam can be generated
in the neighborhood of the probe. On the other hand,
the aperture increases at the low frequency f,,, that at-
tenuates insignificantly, so that the narrow beam can be
obtained at a deep part.

[0026] As aresult, the function for varying an aperture
according to a frequency can be obtained, as shown in
Fig. 5. In Fig. 5, the lateral axis indicates the direction
of the minor-axis of the piezoelectric layer 2, and the
vertical axis indicates the depth thereof. Therefore, in
the case of the low frequency f,,,,, the sound pressure
at each of the ends is not higher than that at the center
and the sound-pressure distribution is uniform, as
shown in Fig. 6. Subsequently, the S/N ratio does not
decrease and an image with high resolution can be ob-
tained in an area extending from the neighborhood to
the deep part. On the other hand, according to the
known art that does not include the piezoelectric layer
2-1, low-frequency components significantly resonate at
both ends in the minor-axis direction of the ultrasonic
probe. Subsequently, a relative sound-pressure distri-
bution indicated by a broken line shown in the low-fre-
quency-f,,,, characteristic chart of Fig. 6 is obtained,
wherein the sound pressure at each of the ends in the
minor-axis direction becomes high and the sound pres-
sure at the center becomes low, so that the S/N ratio
decreases.

(Second Embodiment)

[0027] Fig. 7 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a second
embodiment of the present invention. The difference be-
tween the embodiment and the first embodiment is in
the configuration of the two-layer configuration of the pi-
ezoelectric layer 2 and an adjustment layer 9 provided
on the back face of the piezoelectric layer 2. First, the
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piezoelectric layer 2 includes two identically formed
plane piezoelectric layers 2-3 and 2-4 that are laminated
on each other. The adjustment layer 9 formed on the
back face of the piezoelectric layer 2-4 includes a ma-
terial whose acoustic impedance is nearly equal to that
of the piezoelectric layer 2, such as metal including ce-
ramic, aluminum, copper, and so forth. Further, the
backing layer 4 includes a material whose acoustic im-
pedance is significantly smaller than that of the adjust-
ment layer 9 and whose attenuation rate is larger than
that of the adjustment layer 9. The material includes, for
example, a mixture of rubber, a resin, metal particles
(tungsten particles, for example), and so forth, or a mix-
ture of rubber, beads including a resin and gas, a micro
balloon, and so forth.

[0028] According to the adjustment layer 9 of the em-
bodiment, the surface thereof in contact with the piezo-
electric layer 2-4 is plane and the opposite surface is
concave. That is to say, the thickness of the adjustment
layer 9 is minimized at the center thereof in the minor-
axis direction and gradually increases toward each of
the ends thereof. Thus, according to the embodiment,
there is a large difference between the acoustic imped-
ance of the adjustment layer 9 and that of the backing
layer 4. Therefore, an ultrasonic wave is effectively re-
flected in the adjustment layer 9 and a frequency char-
acteristic of the reflection depends upon the thickness.
Subsequently, according to the ultrasonic probe of the
embodiment, a frequency characteristic depending on
the thickness of the adjustment layer 9 in the minor-axis
direction can be obtained, and the effect of the frequen-
cy characteristics shown in Figs. 4 to 6 can be obtained,
as is the case with the first embodiment. That is to say,
at the high frequency fhigh, the response from the center
partis high and the aperture is decreased so that a nar-
row beam can be generated in the neighborhood. Fur-
ther, according to the sound pressure at the low frequen-
cy fiow, beams are uniform in the minor-axis direction for
the entire aperture and focused on the deep part. As a
result, an image with high resolution can be obtained in
an area extending from the neighborhood to the deep
part.

(Third Embodiment)

[0029] Fig. 8 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a third em-
bodiment of the present invention. The difference be-
tween the embodiment and the first embodiment is that
the adjustment layer 9 is provided on the back face of
the piezoelectric layer 2. In other words, the character-
istic parts of the first and second embodiments are com-
bined with each other so that both the effect of the first
embodiment and that of the second embodiment can be
obtained. That is to say, the sound pressure that is uni-
form in the minor-axis direction at low frequencies and
an aperture-variable function for obtaining a beam nar-
rower than in the past at each frequency can be
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achieved.
(Fourth Embodiment)

[0030] Fig. 9 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a fourth
embodiment of the presentinvention. The difference be-
tween the embodiment and the first embodiment is that
the sectional shape of the piezoelectric layer 2 is con-
cave, as shown in this drawing and the section of the
acoustic-matching layer 3 is concave so that the section
of the acoustic-matching layer 3 matches with that of the
piezoelectric layer 2.

That is to say, the piezoelectric layer 2 is formed so that
the ultrasonic-wave emission face and back face thereof
are concave and in parallel with each other. The thick-
ness of the piezoelectric layer 2-1 on the emission side
is maximized at the center thereof, gradually decreased
toward each of the ends thereof, and minimized at each
of the ends. On the other hand, the thickness of the pi-
ezoelectric layer 2-2 on the back-face side is minimized
atthe center thereof and increases toward both the ends
thereof so that the thickness is maximized at each of the
ends. Further, the backing layer 4 is formed, so as to
match with the concave back face of the piezoelectric
layer 2-2. Further, the acoustic lens is removed and a
cover member 10 is formed by using a material whose
acoustic impedance and sonic speed are nearly equiv-
alent to those of the body of the patient. For example,
the material includes polyurethane, flux, butadiene rub-
ber, polyether block amide, and so forth. Further, the
cover member 10 has a concave shape, so that the cov-
er member 10 is in good contact with the body. Accord-
ing to the configuration, the minor-axis variable focus
function is achieved and a beam can be focused by the
concave piezoelectric layer 2. As a result, since the
beam can be focused without using the acoustic lens,
attenuation of an ultrasonic wave decreases and a high-
ly sensitive image can be obtained.

(Fifth Embodiment)

[0031] Fig. 10 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a fifth em-
bodiment of the present invention. The difference be-
tween the embodiment and the second embodiment is
that the sectional shape of the piezoelectric layer 2 is
concave, as shown in this drawing and the section of
the acoustic-matching layer 3 is concave so that section
of the acoustic-matching layer 3 matches with that of the
piezoelectric layer 2. That is to say, the piezoelectric lay-
er 2 is formed, as a concave, where the ultrasonic-wave
emission face and back face thereof are in parallel with
each other. Further, the adjustment layer 9 is provided
on the back face of the piezoelectric layer 2, where the
thickness of the adjustment layer 9 is minimized at the
center thereof, increased toward both the ends thereof,
and maximized at the ends. Subsequently, a frequency
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characteristic depending upon the thickness can be ob-
tained. Further, the cover member 10 is provided in
place of the acoustic lens. The materials of the adjust-
ment layer 9 and the cover member 10 are the same as
those in the fourth embodiment. According to the fifth
embodiment, the minor-axis variable focus function is
obtained and a beam can be focused by the concave
piezoelectric layer 2. As a result, the beam can be fo-
cused without using the acoustic lens, attenuation of an
ultrasonic wave decreases, and a highly sensitive image
can be obtained.

(Sixth Embodiment)

[0032] Fig. 11 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a sixth em-
bodiment of the present invention. The embodiment is
a combination of the fourth and fifth embodiments and
an effect including the effects of the above-described
two embodiments can be obtained. That is to say, the
sound pressure that is uniform in the minor-axis direc-
tion atlow frequencies and an aperture-variable function
for obtaining a beam narrower than in the past at each
frequency can be achieved. Further, since the lens is
not used, the attenuation decreases and a highly sen-
sitive image can be obtained.

(Seventh Embodiment)

[0033] Fig. 12 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a seventh
embodiment of the present invention. According to the
embodiment, the first piezoelectric layer 2-1 has a
plane-convex shape, where the ultrasonic-wave emis-
sion face thereof is plane and the back face thereof is
convex, as is the case with the embodiment shown in
Fig. 3. Further, the second piezoelectric layer 2-2 has a
concave-plane shape, where the ultrasonic-wave emis-
sion face thereof is concave and the back face thereof
is plane. The boundary surface between the first piezo-
electric layer 2-1 and the second piezoelectric layer 2-2
is formed, as a crest whose ridge line corresponds to
the center part in the minor-axis direction. Further, the
common electrode 8 is formed on the boundary surface.
[0034] According to the embodiment, the sound pres-
sure at low frequencies of each of the ends is lower than
that of the center part and the sound-pressure distribu-
tion is uniform, as is the case with the embodiment
shown in Fig. 3. Therefore, the S/N ratio does not de-
crease and a high-resolution image can be obtained in
an area extending from the neighborhood to the deep
part.

[0035] Further, in this embodiment, the adjustment
layer 9 shown in Fig. 7 can also be provided on the back-
face side of the second piezoelectric layer 2-2.
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(Eighth Embodiment)

[0036] Fig. 13 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to an eighth
embodiment of the present invention. This embodiment
is achieved by modifying the configuration of the first
and second piezoelectric layers 2-1 and 2-2 of the em-
bodiment shown in Fig. 11 so that the boundary surface
therebetween is formed, as a crest whose ridge line cor-
responds to the center part in the minor-axis direction,
as is the case with Fig. 12. Accordingly, the sound pres-
sure that is uniform in the minor-axis direction at low fre-
quencies and the aperture-variable function for gener-
ating a beam narrower than in the past at each frequen-
cy can also be achieved, as is the case with the embod-
iment shown in Fig. 11. Further, since the lens is not
used, the attenuation is decreased and a high-resolution
image can be obtained.

[0037] Further, according to the embodiment, the ad-
justment layer 9 shown in Fig. 7 can be provided on the
back-face side of the second piezoelectric layer 2-2.

(Ninth Embodiment)

[0038] Fig. 14 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a ninth em-
bodiment of the present invention. In this embodiment,
the acoustic-matching layer 3 is provided on the ultra-
sonic-wave emission side of the piezoelectric layer 2 ac-
cording to the embodiment shown in Fig. 12 and an
acoustic lens 11 achieved by modifying the shape of the
acoustic lens 5 into a concave is provided. According to
the concave acoustic lens 11, there is a difference be-
tween the sound pressure of thin part thereof and that
of thick part thereof, so that an ultrasonic beam be-
comes narrower in the minor-axis direction and an ul-
trasonic beam at a low frequency becomes narrow due
to the configuration of the piezoelectric layer 2 added
thereto. Subsequently, it becomes possible to achieve
an aperture-variable function for a beam narrower than
in the past at each frequency.

[0039] The concave acoustic lens 11 can be used for
other embodiments. Further, in this embodiment, the ad-
justment layer 9 shown in Fig. 7 can be provided on the
back-face side of the second piezoelectric layer 2-2.

(Tenth Embodiment)

[0040] Fig. 15 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to a tenth
embodiment of the present invention. According to the
embodiment, a first piezoelectric layer 12-1 has a plane-
convex shape, where the ultrasonic-wave emission face
thereof is plane and the back face thereof is convex, as
is the case with the embodiment shown in Fig. 3. Fur-
ther, a second piezoelectric layer 12-2 has a concave-
plane shape, where the ultrasonic-wave emission face
thereof is concave and the back face thereof is plane.
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The boundary surface between the first piezoelectric
layer 12-1 and the second piezoelectric layer 12-2 in-
cludes a plane part that is provided at the center part in
the minor-axis direction and projected to the second-pi-
ezoelectric-layer side, and a plane part on each of both
the sides thereof, where the plane parts are projected
to the first-piezoelectric-layer side. The common elec-
trode 8 is provided on the boundary surface.

[0041] According to the embodiment, at low frequen-
cies, the sound pressure at each of the ends is not high-
er than that at the center part and the sound-pressure
distribution is uniform, as is the case with the embodi-
ment shown in Fig. 3. Subsequently, the S/N ratio does
not decrease and an image with high resolution can be
obtained in an area extending from the neighborhood to
the deep part. Further, in this embodiment, the adjust-
ment layer 9 shown in Fig. 7 can also be provided on
the back-face side of the second piezoelectric layer
12-2.

(Eleventh Embodiment)

[0042] Fig. 16 shows a sectional view of piezoelectric-
layer part of an ultrasonic probe according to an elev-
enth embodiment of the present invention. In this em-
bodiment, a piezoelectric layer 13 includes a first piezo-
electric layer 13-1 and a second piezoelectric layer 13-2,
where each of the piezoelectric layers has a predeter-
mined thickness. The density of a piezoelectric material
used for the first piezoelectric layer 13-1 gradually de-
creases from the center part in the minor-axis direction
toward the end. The density of the piezoelectric material
used for the second piezoelectric layer gradually in-
creases from the center part in the minor-axis direction
toward the end. Subsequently, the frequency constant
of the first piezoelectric layer 13-1 increases from the
center part toward both the ends and the frequency con-
stant of the second piezoelectric layer 13-2 decreases
from the center part toward both the ends, so that the
frequency-response characteristic in the minor-axis di-
rection can be adjusted. The density of the piezoelectric
material can be adjusted by modifying the porosity of
itself, such as the above-described piezoelectric ceram-
ic. Further, the density can be modified by mixing a resin
or the like into the piezoelectric material.

[0043] According to the embodiment, it becomes pos-
sible to achieve a sound-pressure distribution that is uni-
form in the minor-axis direction at low frequencies and
an aperture-variable function for obtaining a narrow
beam in a wide frequency band. Further, in this embod-
iment, the adjustment layer 9 shown in Fig. 7 is provided
on the back-face side of the second piezoelectric layer
13-2, the piezoelectric layer is formed, as a concave, as
shown in Fig. 9, and the concave acoustic lens 11 shown
in Fig. 14 is provided. That is to say, the characteristic
technology of the other embodiments can be used, as
required.

[0044] Further, the same effect can be obtained by ad-
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justing the elastic constant of the piezoelectric material
instead of adjusting the density of the piezoelectric ma-
terial, as in the above-described embodiment. In that
case, the elastic constant of the first piezoelectric layer
13-1 is minimized at the center in the minor-axis direc-
tion and gradually increases toward the end. The elastic
constant of the second piezoelectric layer is maximized
at the center in the minor-axis direction and gradually
decreases toward the end.

[0045] As has been described, according to each of
the embodiments of the present invention, the frequen-
cy response characteristic varies from the center part in
the minor-axis direction towards the ends so that a wide
band ranging from a low-frequency band to a high-fre-
quency band is achieved at the center part and a narrow
band wherein a high-frequency response decreases is
achieved at the end. Further, at low frequencies, the
sound pressure at each of the ends does not increase
so that a uniform sound pressure can be obtained in the
area ranging from the center part to the end. Further, at
high frequencies, a response from the center part in-
creases, so that focus is achieved in the neighborhood
of the probe. At low frequencies, focus is achieved at
the deep part due to responses for the entire aperture,
so that a high-resolution image can be obtained.

Claims

1. Anultrasonic-diagnosing apparatus including an ul-
trasonic probe having a plurality of transducers,
transmission means for transmitting an ultrasonic
signal for driving the transducers of the ultrasonic
probe, reception-processing means for performing
reception processing for a reflective-echo signal re-
ceived by the ultrasonic probe, image-processing
means for reconstructing an ultrasonic image
based on the reflective-echo signal processed by
the reception-processing means, and image-dis-
play means for displaying the ultrasonic image re-
constructed by the image-processing means,

wherein the ultrasonic probe comprises an ar-
ray of a plurality of ultrasonic transducers having a
piezoelectric layer and a couple of electrodes sand-
wiching the piezoelectric layer therebetween,

wherein the piezoelectric layer comprises a
first piezoelectric layer provided on the ultrasonic-
wave emission side, a second piezoelectric layer
provided on the other side of the first piezoelectric
layer, and a common electrode provided therebe-
tween, and wherein the first and second piezoelec-
tric layers are configured so that a relative sound
pressure at a center part in a minor-axis direction
perpendicular to a direction in which the ultrasonic
transducers are arrayed becomes higher than a rel-
ative sound pressure at each of an end.

2. The ultrasonic-diagnosing apparatus according to
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Claim 1, wherein each of the ultrasonic transducers
comprises a low-frequency response distribution
that is uniform in the minor-axis direction perpen-
dicular to the direction in which the ultrasonic trans-
ducers are arrayed and a high-frequency response
distribution at the center part in the minor-axis di-
rection.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein a boundary surface between the
first piezoelectric layer and the second piezoelectric
layer is formed, as a curved face depressed to the
second-piezoelectric-layer side.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein an adjustment layer including a
material whose acousticimpedance is nearly equiv-
alent to an acoustic impedance of a piezoelectric
material used for the piezoelectric layer is provided
on the ultrasonic-wave non-emission side of the
second piezoelectric layer and wherein the thick-
ness of the adjustment layer in the minor-axis direc-
tion gradually increases from the center part to the
end.

The ultrasonic-diagnosing apparatus according to
Claim 1, further comprising an acoustic matching
layer provided on the surface of one of the couple
of electrodes and a backing layer provided on the
surface of the other electrode.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein the thickness of the end of the first
piezoelectric layer in the minor-axis direction is
smaller than the thickness of the center part of the
first piezoelectric layer and wherein the thickness
of the end of the second piezoelectric layer is larger
than the thickness of the center part of the second
piezoelectric layer.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein each of faces of the first and sec-
ond piezoelectric layers, the faces being in contact
with the couple of electrodes, is plane and a bound-
ary surface between the first piezoelectric layer and
the second piezoelectric layer is formed, as a crest
whose ridge line corresponds to the center part in
the minor-axis direction.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein each of faces of the first and sec-
ond piezoelectric layers, the faces being in contact
with the couple of electrodes, is plane and a bound-
ary surface between the first piezoelectric layer and
the second piezoelectric layer comprises a plane
part that is provided at the center part in the minor-
axis direction and that is projected to the second-
piezoelectric-layer side, and a plane part that is pro-
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vided at each of both the ends, where the plane
parts are projected to the first-piezoelectric-layer
side.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein a face of the first piezoelectric lay-
er on the ultrasonic-wave emission side is concave,
a face of the second piezoelectric layer on the ul-
trasonic-wave non-emission side is convex, and a
boundary surface between the first piezoelectric
layer and the second piezoelectric layer is de-
pressed to the second-piezoelectric-layer side with
a curvature larger than the curvature of the face of
the first piezoelectric layer on the ultrasonic-wave
emission side.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein a face of the first piezoelectric lay-
er on the ultrasonic-wave emission side is concave,
a face of the second piezoelectric layer on the ul-
trasonic-wave non-emission side is convex, and a
boundary surface between the first piezoelectric
layer and the second piezoelectric layer is formed,
as a crest whose ridge line corresponds to the cent-
er part in the minor-axis direction.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein each of the first and second pie-
zoelectric layers comprises a predetermined thick-
ness, an adjustment layer including a material
whose acoustic impedance is nearly equivalent to
the acoustic impedance of a piezoelectric material
used for the piezoelectric layer is provided on a
back face of the electrode in contact with the second
piezoelectric layer, and the thickness of the adjust-
ment layer in a direction perpendicular to a direction
in which the ultrasonic transducers are arrayed
gradually increases from the center part to the end.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein each of the first and second pie-
zoelectric layers comprises a predetermined thick-
ness, wherein the density of a piezoelectric material
used for the first piezoelectric layer decreases from
the center part in the minor-axis direction toward the
end, and wherein the density of a piezoelectric ma-
terial used for the second piezoelectric layer in-
creases from the center part in the minor-axis direc-
tion toward the end.

The ultrasonic-diagnosing apparatus according to
Claim 1, wherein each of the first and second pie-
zoelectric layers comprises a predetermined thick-
ness, wherein an elastic constant of the center part
of the first piezoelectric layer in the minor-axis di-
rection is small and gradually increases toward the
end, and wherein an elastic constant of the center
part of the second piezoelectric layer in the minor-
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axis direction is large and gradually decreases to-
ward the end.
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