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1
THERMALLY ENHANCED PIEZOELECTRIC
ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation application of U.S. Ser.
No. 11/458,978 filed Jul. 20, 2006, which claims priority
benefit of provisional application Ser. No. 60/700,772 filed
Jul. 20, 2005.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to ultrasound transducers
for medical applications.

2. Description of the Related Art

Conventional ultrasound transducers used for medical
applications, such as High Intensity Focused Ultrasound
(HIFU), generate unwanted heat that can affect performance
of the transducer. This unwanted heat is due to piezoelectric
elements, used therein, having some inefficiency in convert-
ing electrical power into acoustic waves. Ceramic piezoelec-
tric elements typically have low thermal conductivity (such as
approximately one to two W/mC), which contributes in part
to the unwanted heat producing undesirable elevated tem-
peratures.

Some medical and other applications require transducer
temperatures to be kept in narrow ranges. For example, when
transducers are near or touching biological tissue not
intended for treatment, the dosage for this untreated tissue
must be held below an equivalent thermal dose of 43 degrees
centigrade for 60 minutes. For temperatures above 43 degrees
centigrade, equivalent thermal dose is proportional to
approximately 2**(T-43), where T is temperature in degrees
centigrade. For example, an equivalent thermal dose will also
occur at 44 degrees centigrade for approximately 30 minutes
and at 50 degrees centigrade for approximately 30 seconds. If
a transducer does not come into contact with a patient, gen-
erally higher temperatures are permitted, however, tempera-
ture levels in excess of 80 or 90 degrees centigrade are most
likely to result in damage to the transducer and/or portions of
electrical and/or mechanical elements supporting or other-
wise associated with the transducer.

For instance, HIFU treatments can involve tens or hun-
dreds of Watts of focused acoustic power resulting in acoustic
intensities from 1,000 to 40,000 watts per square centimeter
(although typical values are on the order of 2,000 W/cm?);
these values can be compared with a few milliwatts per square
centimeter for typical diagnostic ultrasound applications. The
HIFU treatments can include sound frequencies from one
hundred kilohertz to over ten megahertz, with the most com-
mon range of 1-10 MHZ.

Conventional attempts at improving performance and less-
ening other unwanted effects include improving performance
so less heat is generated, compensation through electronic
controls and/or attempts at removing generated heat. Unfor-
tunately, conventional approaches can lack effectiveness, be
cumbersome and/or degrade performance.

A conventional first ultrasound transducer 10, as schemati-
cally depicted in FIG. 1 as having elements positioned along
an illustrative X-dimension (with a depicted illustrative Y-di-
mension normal to the X-dimension) to include a rear
medium 12, such as air, adjacent to a first piezoelectric ele-
ment 14, such as a ceramic material, adjacent to a front layer
16. Air is generally useful for the rear medium since it acts as
anear perfect reflector in cases where the acoustic impedance
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2

of the piezoelectric element 14 is much different than that of
air (approximately 0.0004 MRayls). In operation, the front
layer 16 is placed adjacent to a front medium 18, such as a
tissue of a recipient of ultrasound 20.

The piezoelectric element 14 converts electrical energy
into the ultrasound 20, which conducts through the front layer
16 into the front medium 18. The front layer 16 is typically
fashioned to help match the acoustical impedance between
the piezoelectric element 14 and the front medium 18 for
better transfer of the ultrasound 20 from the piezoelectric
element to the front medium. For impedance matching, the
front layer 16 can be typically as thick as approximately one
or more multiples (in particular implementations, odd mul-
tiples) of a quarter wavelength of an ultrasound frequency
used in operation such as a center operational frequency. The
front layer 16 would also have an acoustic impedance to help
match impedances of the piezoelectric element 14 (having an
acoustic impedance such as approximately 30-35 MRayls)
and the front medium 18 (for instance, tissue has an acoustic
impedance approximately 1.6 MRayls). The acoustic imped-
ance of single matching layers, such as the front layer 16, can
be typically chosen to be within the range of 4 to 8 MRayls.
The thermal conductivity of a matching layer in a conven-
tional transducer is often in the range of 1 to 3 W/mC, which
is typically the result of loading an epoxy matrix with a higher
acoustic impedance and lower acoustic attenuation material
such as silicon dioxide or aluminum oxide powder.

Generally, an acoustic impedance for the front layer 16
somewhere between that of the piezoelectric element 14 and
that of the front medium 18 is used for acoustic impedance
matching of the piezoelectric element and the front medium.
Unfortunately, materials used for acoustic impedance match-
ing tend to give conventional matching layers such as the
front layer 16 low thermal conductivity. For the front layer 16
between the piezoelectric element 14 having an acoustic
impedance 7Z_ and the front medium having an acoustic
impedance Z,, the impedance of the front layer 16 can be
approximated to be between (Z_Z)"? and (Z_.7,)"*. For
example, for a ceramic impedance of 34 MRayls (for the
piezoelectric element 14) and tissue at 1.6 MRayls (for the
front medium 18), then it would be desirable for a single
quarter wave layer to have an acoustic impedance in the range
4-10 Mrayls.

The front layer 16 can also serve to electrically insulate
and/or physically protect the piezoelectric element 14 from
physical wear or damage. In some applications, the front layer
16 is also shaped to provide an acoustic lens function to focus
ultrasound.

A first implementation of the first conventional ultrasound
transducer 10 is shown in FIG. 2 and FIG. 3 to include a
housing 22 to enclose components enumerated above. With
the first implementation, the piezoelectric element 14 and the
front layer 16 are formed and optionally adjusted to project
the ultrasound 20 to have a focal point 24 located a desired
distance into the front medium 18.

As part of the conversion by the piezoelectric element 14 of
electrical energy into ultrasound 20, unwanted heat, as men-
tioned above, is generated by the piezoelectric element. Elec-
tronic compensation can be used with the first conventional
ultrasound transducer 10 to help partially mitigate effects of
the unwanted heat on performance of the first conventional
ultrasound transducer.

A second conventional ultrasound transducer 30 is sche-
matically depicted in FIG. 4 to include a thermal heat sink 32
positioned adjacent to the front layer 16 so that in operation
the thermal heat sink is adjacent to the front medium 18 as
shown. The thermal heat sink 32 is used to remove heat from
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the vicinity of the piezoelectric element 14 and is fashioned to
conduct the ultrasound 20. Unfortunately, in practice the ther-
mal heat sink 32 can be very thick compared with the front
layer 16 along the X-dimension of travel of the ultrasound 20
so can also dissipate significant portions of the ultrasound 20
thereby resulting in more heat being generated and reducing
efficiency with the transducer performance. The thermal heat
sink 32 can also have other operational issues due to its added
size and possible use of fluid, such as water, as at least a
portion of the thermal mass.

A first implementation of the second conventional ultra-
sound transducer 30 is shown in FIG. 5 as using a fluid, such
as water, for the thermal heat sink 32, which is shown to be
contained by a structural appendage 34 and an acoustic mem-
brane 36. Water can serve a dual purpose to cool and also
acoustically couple between the second conventional ultra-
sound transducer 30 and a target. A second implementation of
the second conventional ultrasound transducer 30 is shown in
FIG. 6 to include a solid, such as a metal, for the thermal heat
sink 32. Inthis second implementation, the structural append-
age 34 includes channels 38 for a fluid, such as water, to be
passed through to aid in removal of heat. Associated with
these first and second implementations of the second conven-
tional ultrasound transducer 30, the use of fluid, additional
mass, attenuation of desired ultrasound energy, and position-
ing of the thermal heat sink 32 and the structural appendage
34 can raise operational issues.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

FIG. 1 is a schematic diagram of a first conventional ultra-
sound transducer.

FIG. 2 is a sectional perspective view of a first implemen-
tation of the first conventional ultrasound transducer of FIG.
1.

FIG. 3 is a sectional elevation view of the first implemen-
tation of the first conventional ultrasound transducer shown in
FIG. 2.

FIG. 4 is a schematic diagram of a second conventional
ultrasound transducer.

FIG. 5 is a sectional elevation view of a first implementa-
tion of the second conventional ultrasound transducer of FIG.
4.

FIG. 6 is a sectional elevation view of a second implemen-
tation of the second conventional ultrasound transducer of
FIG. 4.

FIG. 7 is a schematic diagram of a first implementation of
a thermally enhanced ultrasound transducer.

FIG. 8is a sectional elevation view of a first variation of the
first implementation of the thermally enhanced ultrasound
transducer shown in FIG. 7.

FIG. 9 is a schematic diagram of a second implementation
of the thermally enhanced ultrasound transducer.

FIG. 10 s a sectional perspective view of a first variation of
the second implementation of the thermally enhanced ultra-
sound transducer shown in FIG. 9.

FIG. 11 is a sectional perspective view of a second varia-
tion of the second implementation of the thermally enhanced
ultrasound transducer shown in FIG. 9.

FIG. 12 is a sectional perspective view of a third variation
of the second implementation of the thermally enhanced
ultrasound transducer shown in FIG. 9.

FIG. 13 is a schematic diagram of a third implementation
of the thermally enhanced ultrasound transducer.
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FIG. 14 is a sectional perspective view of a first variation of
the third implementation of the thermally enhanced ultra-
sound transducer shown in FIG. 13.

FIG. 15 is a schematic diagram of a fourth implementation
of the thermally enhanced ultrasound transducer.

FIG. 16 is a schematic diagram of a fifth implementation of
the thermally enhanced ultrasound transducer.

FIG. 17 is a schematic diagram of a first version of the front
high thermal conductivity (HTC) section of the thermally
enhanced ultrasound transducer.

FIG. 18 is a sectional perspective view of a first variation of
the fifth implementation of the thermally enhanced ultra-
sound transducer using the first version of the front HTC
section.

FIG. 19 is a schematic diagram of a second version of the
front high thermal conductivity (HTC) section of the ther-
mally enhanced ultrasound transducer.

FIG. 20 is a sectional perspective view of a second varia-
tion of the fifth implementation of the thermally enhanced
ultrasound transducer using the second version of the front
HTC section.

FIG. 21 is a schematic diagram of a third version of the
front high thermal conductivity (HTC) section of the ther-
mally enhanced ultrasound transducer.

FIG. 22 is sectional perspective view at a third variation of
the fifth implementation of the thermally enhanced ultra-
sound transducer using the third version of the front HTC
section.

FIG. 23 is a schematic diagram of a fourth version of the
front high thermal conductivity (HTC) section of the ther-
mally enhanced ultrasound transducer.

FIG. 24 is a schematic diagram of a fifth version of the front
high thermal conductivity (HTC) section of the thermally
enhanced ultrasound transducer.

FIG. 25 is sectional perspective view at a fourth variation of
the fifth implementation of the thermally enhanced ultra-
sound transducer using the fifth version of the front HTC
section.

FIG. 26 is a sectional perspective view of a first high
thermal conductivity (HTC) implementation of the piezo-
electric element used in the thermally enhanced ultrasound
transducer.

FIG. 27 is a sectional perspective view of a second HTC
implementation of the piezoelectric element used in the ther-
mally enhanced ultrasound transducer.

FIG. 28 is a sectional perspective view of a sixth imple-
mentation of the thermally enhanced ultrasound transducer
using a third HTC implementation of the piezoelectric ele-
ment of FIG. 27.

FIG. 29 is a sectional perspective view of a seventh imple-
mentation of the thermally enhanced ultrasound transducer
using a fourth HTC implementation of the piezoelectric ele-
ment.

FIG. 30 is a perspective view of a first conventional com-
posite implementation of the piezoelectric element.

FIG. 31 is a perspective view of a second conventional
composite implementation of the piezoelectric element.

FIG. 32 is a perspective view of a fifth HTC implementa-
tion of the piezoelectric element.

FIG. 33 is a perspective view of a sixth HTC implementa-
tion of the piezoelectric element.

FIG. 34 is a schematic diagram of a monolithic HTC imple-
mentation of the piezoelectric element.

FIG. 35 is a schematic diagram of a monolithic HTC imple-
mentation of a piezoelectric material.

FIG. 36 is a schematic diagram of a monolithic HTC imple-
mentation of a first piezoelectric member.
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FIG. 37 is a schematic diagram of'a monolithic HTC imple-
mentation of a second piezoelectric member.

DETAILED DESCRIPTION OF THE INVENTION

A system and method for removing unwanted heat gener-
ated by a piezoelectric element of an ultrasound transducer
while maintaining transducer efficiencies is disclosed herein.
In some implementations, relatively small amounts of high
thermal conductivity (HTC) material are placed in juxtapo-
sition with the piezoelectric element on front and/or back
surfaces of the piezoelectric element. Generally HTC mate-
rials have a thermal conductivity of over 100 W/mC. Some
HTC materials can include metals and other materials of high
thermal conductivity (for instance, aluminum at approxi-
mately 205-237 W/mC, copper at approximately 385-401
W/mC, gold at approximately 314-318 W/mC, silver at 406-
429 W/mC, brass at approximately 109-159 W/mC, impure
diamond at approximately 1,000 W/mC, and purified syn-
thetic diamond at approximately 2,000-2,500 W/mC thermal
conductivity).

The HTC material can be thermally coupled to one or more
heat sinks, which can be integrated with the ultrasound trans-
ducer, such as a housing or other structure, and positioned out
of the path of ultrasound generated by the piezoelectric ele-
ment. The typically large surface area versus thickness of the
piezoelectric element (for instance, some applications having
50:1t0 100:1) is also used in placement of the HTC material.
Use of HTC material in conjunction with these piezoelectric
element surfaces is managed to avoid degradation of acoustic
energy propagating forward into to a front medium, such as
tissue, and to minimize acoustic energy loss through a rear
medium.

Piezoelectric ceramic used in HIFU and other transducers
is typically coated with a thin (generally less than 10% of an
operational ultrasound wavelength) electrically conductive
layer to serve as electrodes. This material is also thermally
conductive but is purposely relatively thin so that it will have
minimal effect on acoustic performance. The present imple-
mentations use significantly thicker layers for the HTC mate-
rial than is typically used for the thin electrically conductive
material but not in excess as to degrade transducer efficiency.

Piezoelectric ceramic elements are typically coated with
high electrical conductivity material to serve as electrodes on
opposite sides of the ceramic. Although the electrode material
layer may also have high thermal conductivity, the electrode
layer is typically relatively thin, on the order of a few microns,
and therefore is limited in its function to transfer heat laterally
to a surrounding heatsink. As can be seen in the following
equation, the rate of heat transfer by conduction (AQ/At) is a
function of the cross section area of the material, A.

AQ  KAAT
A d

where

AT=temperature difference

d=length

A=cross-sectional area

k=material thermal conductivity

It is preferable to utilize the high thermal conductivity of
the electrode layers to conduct heat from the piezoelectric
ceramic directly forward and/or backward (in the direction of
large cross section area) and into HTC matching layers, such
as aluminum. The HTC matching layers have a relatively
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6

large cross section area in the lateral direction toward the
thermally conductive housing/heatsink due to a thickness that
may be 10 to 100 times greater than the electrode thickness.

Use of the HTC material in conjunction with heat sinks
allows for creation of thermal paths away from the piezoelec-
tric element so that a thermal gradient is maintained across the
span of HTC material and coupled heat sinks. Active cooling
of the heat sinks with water or air can further help maintain
thermal gradients to draw heat from the piezoelectric ele-
ment. Various applications include continuous run times of
several minutes (with a minimum of at least a few seconds) in
which high levels of ultrasound are generated and transmitted
into target tissue without significant loss of acoustic energy
and without thermal damage to associated equipment or ther-
mal based injury occurring. In some cases, it is desirable to
utilize a transducer of relatively small size, driven at a rela-
tively high acoustic power; which makes further demands on
the thermal management of the transducer system.

Further implementations improve the thermal conductivity
of the piezoelectric element itself by forming a composite
matrix of thermally conductive material or by interleaving the
ceramic with thermally conductive layers. Increased thermal
conductivity of the piezoelectric element helps to move ther-
mal energy toward outside edges and/or front and back sur-
faces.

A first implementation of a thermally enhanced ultrasound
transducer 100 is shown in FIG. 7 to include a rear medium
101, such as air, positioned adjacent to a rear high thermal
conductivity (HTC) layer 102. In contrast, if the rear medium
101 is water rather than the air, the reflected wave is reduced
to approximately 84%, which can be unacceptable for some
applications. In general, a member, a layer, a material, an
element, a section, or other portion of the thermally enhanced
ultrasound transducer 100 designated herein as “high thermal
conductivity (HTC),” the thermal conductivity of such por-
tion is substantially similar or higher than metals such as
aluminum unless such portion is formed as a composite such
as a polymer with metal powder as further described below.

It is desired that negligibly small amounts of acoustic
energy should be absorbed by the rear HTC layer 102 and thus
low acoustic absorption materials such as a metal, which also
has a high thermal conductivity, is most desirable. In turn, the
rear HTC layer 102 is positioned in juxtaposition with a
piezoelectric element 104, which is positioned in juxtaposi-
tion with a front high thermal conductivity (HTC) section
106. The piezoelectric element 104 is shown in FIG. 7 to be
positioned between and adjacent to electrode material 104a,
whichis adjacent to the rear HTC layer 102 and the front HTC
section 106. The electrode material 104q is typically a few
microns thick of electrically conductive material. Because the
electrode material 104a is electrically conductive, the elec-
trode material is also thermally conductive. The electrode
material 104a is made purposely thin such as typically small
fractions of a wavelength so that there will be minimal effect
on the acoustic performance.

In contrast, with 4 MHz resonance frequency ultrasound
production, the rear HTC layer 102 has a thickness in the
range of hundreds of microns as determined by the particular
resonance frequency being used and without significantly
degrading transducer efficiency. The piezoelectric element
104 can be made from ceramics such as lead titanates and lead
zirconate titanates or other materials that have a piezoelectric
effect.

The piezoelectric element 104 generates forward ultra-
sound 1074 and rearward ultrasound 1075. Due to the discon-
tinuity between the rear medium 101 and the layer in juxta-
position (the rear HTC layer 102 as depicted in FIG. 7 or the
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piezoelectric element 104 in other implementations), a por-
tion of the rearward ultrasound 1075 reverses direction as
reflected ultrasound 107¢ to add constructively with the for-
ward ultrasound 1074 as combined ultrasound 107. In imple-
mentations the rear medium 101 can typically be comprised
of air so that nearly all of the rearward ultrasound 1075
reverses direction as the reflected 107¢ due to a large differ-
ence between acoustic impedances between the rear medium
101 and the layer in juxtaposition (the rear HTC layer 102 as
depicted in FIG. 7 or the piezoelectric element 104 in other
implementations).

The polarity of the reflected ultrasound 107¢ depends upon
the relative acoustic impedances of the rear medium 101 and
the layer in juxtaposition (the rear HTC layer 102 as depicted
in FIG. 7 or the piezoelectric element 104 in other implemen-
tations). If the acoustic impedance of the rear medium 101 is
low (such as for air) relative to the acoustic impedance of the
layer in juxtaposition, which has a relatively high acoustic
impedance (such as aluminum for the rear HTC layer 102
depicted in FIG. 7 or ceramic for the piezoelectric element
104 for other implementations), then the reflected ultrasound
107¢ will have opposite polarity than the rearward ultrasound
1075. As aresult the reflected ultrasound 107¢ will travel back
toward the piezoelectric element in phase and will interfere
constructively with forward ultrasound 1074 as both the for-
ward ultrasound 107a and the reflected ultrasound 107¢ will
propagate to the front medium 18 is a desired configuration
such as a HIFU beam. Conversely, the reflected ultrasound
107¢ has the same polarity as the rearward ultrasound 1075 if
the acoustic impedance of the rear medium 101 is high rela-
tive to the layer in juxtaposition.

In an implementation, the rearward ultrasound 1075 propa-
gates first from the piezoelectric element 104 through the rear
HTC layer 102 made from aluminum to the rear medium 101
comprised of air. A reflection coefficient can be calculated at
the boundary between air and the top side of an aluminum
version of the rear HTC layer 102 by substituting Z, for the
impedance of air (0.000411 MRayls) and Z, for aluminum
(17.1 MRayls) in equation (1) as shown in equation (2) as
follows:

_ 411%107% - 17.1 2

r=—————=>-10
41121076 +17.1

Showing that reflection of the rearward ultrasound 1075 can
be close to complete.

Implementations include thicknesses dependent upon the
selected operational frequency such as the nominal center
ultrasound frequency for the rear HTC layer 102 of one or
more multiples of approximately one half wavelength at the
nominal center ultrasound frequency (for example, approxi-
mately 0.8 mm for a nominal center frequency of 4 MHz). In
implementations constructive reflection of the rearward ultra-
sound 1075 is attained if the rear HTC layer 102 is a single or
a multiple of half ultrasound wavelengths at the nominal
center ultrasound frequency. However, the rear HTC layer
102 will be too thick having a thickness of too many multiples
of'the one half wavelength if an undesirable amount of acous-
tic energy from the rearward ultrasound 1075 is absorbed by
the rear HTC layer as the rearward ultrasound is being
reflected. In some implementations a single half wavelength
thickness is used as a compromise between a too thick heat
sink that would absorb too much acoustic energy and a too
thin heat sink that would not remove enough thermal energy.
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Therear HTC layer 102 has high thermal conductivity such
as provided by aluminum or other metal-based material
(much higher than piezoelectric material, such as at least
greater than 100 W/mC for implementations) to enable its use
as a thermal pathway for extracting the heat from the piezo-
electric element 104 directly to the rear medium 101 (such as
air). Also, using air or other substance with a similar acoustic
impedance for the rear medium 101 allows the rearward ultra-
sound 1075 to be mostly reflected as the reflected ultrasound
107¢c.

The front HTC section 106 is to be positioned adjacent to
the front medium 18 so that the combined ultrasound 107 will
travel through the front HTC section 106 on into the front
medium 18. The first implementation of the transducer 100
further includes a heat sink 108 that is thermally coupled to
and substantially extending along the illustrative Y-dimen-
sion away from the rear HTC layer 102, coupled to and
extending along the illustrative Y-dimension away from the
piezoelectric element 104, and coupled to and extending
along the illustrative Y-dimension away from the front HTC
section 106 to increase effectiveness of heat removal from the
piezoelectric element 104 while staying out of direct travel of
the ultrasound 107 along the illustrative X-dimension so as
not to diminish ultrasound levels reaching the front medium
18. As depicted below, although other implementations of the
heat sink 108 include various segmentation, the heat sink 108
remains out of travel of the ultrasound 107 along the illustra-
tive X-dimension. In general, thermal paths with large ther-
mal gradients are used to draw heat rapidly away from the
piezoelectric element 104 to one or more heat sinks, which
are typically relatively large masses (several times that of the
piezoelectric element 104) of thermally conductive material.

The heat sink 108 can take the form of a fluid, such as water
(circulating or stationary) and/or a solid material including
housing structures (for example, as housing 108a shown
below in FIG. 8) of the thermally enhanced ultrasonic trans-
ducer 100. Heat removal can be further enhanced by active
cooling of the heat sink 106 such as by other circulating water
or air through or around a solid version of the heat sink. For
instance, water can be circulated through the front HTC sec-
tion 106 of the transducer; for smaller heat removal require-
ments, air can be used, which can be more desirable since air
has less contamination concerns and generally can have less
practical obstacles to implement than when water is used.
Once the heat is removed from the front HTC section 106, the
heat is further removed from the circulating fluid through use
of one or more heat sinks to transfer heat from the fluid to
surrounding air.

In implementations one or more portions or instances of
the heat sink 108 are located in peripheral locations out of the
path of the forward ultrasound 1074, rearward ultrasound
1075, reflected ultrasound 107 ¢ and the combined ultrasound
107. The rear HTC layer 102 and/or the front HTC section
106 can be press-fit, and/or bonded using thermally conduc-
tive adhesive, and/or soldered, and/or integrally formed with
other structures like a housing portion of the thermally
enhanced ultrasonic transducer 100 such as aluminum.

In some implementations the front HTC section 106 is
thermally coupled but electrically isolated to the heat sink 108
such as a housing structure of the thermally enhanced ultra-
sonic transducer 100 so that the housing structure can also be
thermally coupled and electrically coupled to the face of the
piezoelectric element facing the rear medium 101 or coupled
to the rear HTC layer 102 without creating an electrical short
circuit. Alternatively, the front HTC section 106 may be both
electrically and thermally coupled to the heat sink 108 and the
rear HTC layer 102 may be thermally coupled and electrically
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isolated from the heat sink 108. Generally, thermal coupling
is of a sufficient heat flux to prevent significant elevation of
temperature and to prevent consequential diminished ultra-
sound output. In other words, thermal pathways used to
remove heat can scale to the amount of heat generated by the
piezoelectric element 104 so that if heat output increases the
thermal pathways have reserve capacity to remove the
increases in generated heat.

Afirst variation of the first implementation of the thermally
enhanced ultrasound transducer 100 is shown in FIG. 8 in
which the rear HTC layer 102, the piezoelectric element 104,
and the front HTC section 106 are all curved to allow for
focusing of the combined ultrasound 107 at a focal point
107e.

A second implementation of the thermally enhanced ultra-
sound transducer 100 is shown in FIG. 9 in which the rear
HTC layer 102, the piezoelectric element 104, and the front
HTC section 106 are each thermally coupled to different
instances of the heat sink 108.

A first variation of the second implementation of the ther-
mally enhanced ultrasound transducer 100 is shown in FIG.
10 in which only the rear HTC layer 102 is directly coupled to
an instance of the heat sink 108. Although this implementa-
tion is depicted with the piezoelectric element 104 as being
round in shape, other implementations of the thermally
enhanced ultrasound transducer 100 have other geometric
shapes including rectangular and elliptical.

In this first variation, heat from the piezoelectric element
104 and the front HTC section 106 is transferred through the
rear HTC layer 102 on to the instance of the heat sink 108 that
is directly coupled to the rear HTC layer. Furthermore, in this
first variation, the rear HTC layer 102, the piezoelectric ele-
ment 104, and the front HTC section 106 are substantially
spherically or semi-spherically shaped to allow for focusing
of the combined ultrasound 107 having a beam pattern with
the focal point 107e. Other implementations use focusing
schemes such as the piezoelectric element 104 being aspheri-
cally shaped and/or with an acoustic lens applied in front of
the piezoelectric element.

A second variation of the second implementation of the
thermally enhanced ultrasound transducer is shown in FIG.
11 in which only the front HTC section 106 is directly
coupled to an instance of the heat sink 108. In this second
variation, heat from the rear HTC layer 102 and the piezo-
electric element 104 is transferred through the front HTC
section 106 on to the instance of the heat sink 108 that is
directly coupled to the front HTC section. Furthermore, in
this second variation, the rear HTC layer 102, the piezoelec-
tric element 104, and the front HTC section 106 are all semi-
spherically formed as curved to allow for focusing of the
combined ultrasound 107 with respect to the focal point 107e.

A third variation of the second implementation of the ther-
mally enhanced ultrasound transducer is shown in FIG. 12 in
which the rear HTC layer 102 integrated with an instance of
the heat sink 108 and the front HTC section 106 is integrated
with another different instance of the heat sink 108. The rear
HTC layer 102 and the front HTC section 106 are directly
integrated with different instances of the heat sink 108 to
remain electrically isolated from one another. In this third
variation, the piezoelectric element 104 is not directly ther-
mally coupled to an instance of the heat sink 108. Instead,
heat 109a from the piezoelectric element 104 is transferred
through the rear HTC layer 102 as heat 1095 and heat 109¢
through the front HTC section 106 as heat 1094 on to the
instances of the heat sink 108.

A third implementation of the thermally enhanced ultra-
sound transducer 100 is shown in FIG. 13 in which the rear
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10
HTC layer 102 and the front HTC section 106 are thermally
coupled to an instance of the heat sink 108 and the piezoelec-
tric element 104 is thermally coupled to a different instance of
the heat sink.

A first variation of the third implementation of the ther-
mally enhanced ultrasound transducer 100 is shown in FIG.
14 in which the rear HTC layer 102 is thermally and electri-
cally coupled directly to an instance of the heat sink 108 and
the front HTC section 106 is thermally coupled to the instance
of the heat sink through an electrical isolator 109 to remain
electrically isolated from one another. In this first variation,
heat from the piezoelectric element 104 is transferred through
the rear HTC layer 102 and through the front HTC section 106
on to the instance of the heat sink 108.

A fourth implementation of the thermally enhanced ultra-
sound transducer 100 is shown in FIG. 15 in which the rear
HTC layer 102 and the piezoelectric element 104 are both
thermally coupled to an instance of the heat sink 108. Also,
the front HTC section 106 is thermally coupled to another
different instance of the heat sink 108.

A fifth implementation of the thermally enhanced ultra-
sound transducer 100 is shown in FIG. 16 in which the rear
HTC layer 102 is thermally coupled to an instance of the heat
sink 108. Also, the piezoelectric element 104 and the front
HTC section 106 are both thermally coupled to another dif-
ferent instance of the heat sink 108.

A first version of the front HTC section 106 is shown in
FIG. 17 as having a first front HTC layer 110, an acoustic lens
112, and a second front HTC layer 114. Both the first front
HTC layer 110 and the second front HTC layer 114 can be
approximately as thick as one or more quarters of a wave-
length near the nominal center frequency of the operational
ultrasound. For example, for a ceramic version of the piezo-
electric element 104 having an acoustic impedance of 34
MRayls and a tissue version of the front medium 18 having an
acoustic impedance of 1.6 MRayls, some implementations of
the first front HTC layer 110 and the second front HTC layer
114 each of a quarter wave thickness have an acoustic imped-
ance in the range 4 to 10 MRayls. The first front HTC layer
110 and the second front HTC layer 114 can be constructed
from magnesium with an acoustic impedance of 10 MRayls
or an epoxy filled with a thermally conductive material to
yield an acoustic impedance of approximately 7 MRayls.

The acoustic lens 112 is positioned between the first front
HTC layer 110 and the second front HTC layer 114. The
acoustic lens 112 can also be constructed from a high thermal
conductivity material (such as in the range of 200-400 W/mC)
and assist in removing heat away from the piezoelectric ele-
ment 104. As discussed below, the acoustic lens 112 may be
utilized without one or both of the first front HTC layer 110
and the second front HTC layer 114, however, generally heat
removal from the piezoelectric element 104 can be greater if
one or both of the first HTC layer and the second front HTC
layer are used in conjunction with an HTC constructed acous-
tic lens.

Additional factors involved with whether to combine the
first front HTC layer 110 and/or the second front HTC layer
114 with the acoustic lens 112 may depend at least in part on
acoustic impedances associated with each component and the
front medium 18 regarding transducer efficiency. In some
implementations the acoustic lens 112 can be made from
aluminum with a high thermal conductivity of approximately
237 W/mC. As discussed further below, the acoustic lens 112
can be bonded directly to the piezoelectric element 104 or the
first front layer HTC 110. As shown, the combined ultrasound
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107 passes through the first front HTC layer 110, then passes
through the acoustic lens 112, and finally passes through the
second front HTC layer 114.

A first variation of the fifth implementation of the ther-
mally enhanced ultrasound transducer 100 is shown in FIG.
18 as using the first version of the front HTC section 106.

A second version of the front HTC section 106 is shown in
FIG. 19 as having the first front HTC layer 110 adjacent to the
acoustic lens 112. As shown, the combined ultrasound 107
passes through the first front HTC layer 110 and then passes
through the acoustic lens 112.

A second variation of the fifth implementation of the ther-
mally enhanced ultrasound transducer 100 is shown in FIG.
20 as using the second version of the front HTC section 106.

A third version of the front HTC section 106 is shown in
FIG. 21 as having the acoustic lens 112 and the second front
HTC layer 114. As shown, the combined ultrasound 107
passes through the acoustic lens 112 and then passes through
the second front HTC layer 114.

A third variation of the fifth implementation of the ther-
mally enhanced ultrasound transducer 100 is shown in FIG.
22 as using the third version of the front HTC section 106.

A fourth version of the front HTC section 106 is shown in
FIG. 23 as having the first front HTC layer 110. As shown, the
combined ultrasound 107 passes through the first front HTC
layer 110.

A fifth version of the front HTC section 106 is shown in
FIG. 24 as having the acoustic lens 112. As shown, the com-
bined ultrasound 107 passes through the acoustic lens 112.

A fourth variation of the fifth implementation of the ther-
mally enhanced ultrasound transducer 100 is shown in FIG.
22 as using the fifth version of the front HTC section 106.

Implementations of the thermally enhanced ultrasound
transducer 100 can also include enhancements to the piezo-
electric element 104 to increase thermal conduction within
the piezoelectric element. Bulk thermal conductivity of the
piezoelectric element 104 can be increased by forming a
composite matrix of thermal conductive material (such as
some epoxies and/or epoxies mixed with high thermal con-
ductivity material such as metals) and piezoelectric material
(such as ceramics).

Bulk piezoelectric element thermal conductivity can also
be increased by interleaving ceramic material (such as ceram-
ics) with thermally conductive layers (such as metals). Effec-
tive distances can be consequently shortened within the
piezoelectric element 104 from ceramic material within the
piezoelectric element to thermal conductive pathways within
the piezoelectric element coupled to one or more thermal
conductive pathways and/or one or more instances of the heat
sink 108 external to the piezoelectric element. External ther-
mal conductive pathways can include the rear HTC layer 102
and the front HTC section 106. Thermal conductive pathways
internal to the piezoelectric element 104 can conduct heat
away from piezoelectric material to various external surfaces
of the piezoelectric element, external thermal conductive
pathways, and one or more instances of the heat sink 108.

A first high thermal conductivity (HTC) implementation of
the piezoelectric element 104 is shown in FIG. 26 as having
piezoelectric layers 116 (such as ceramic) interleaved
between high thermal conductivity (HTC) layers 118 (such as
metallic electrode material). The HTC layers 118 are shown
bent in a serpentine fashion to thermally couple together more
than one of the HTC layers. The thermally conductive path-
ways of the HTC layers 118 can be oriented substantially
normal to the illustrative X-dimension along the illustrative
Y-dimension and parallel to the surfaces of the piezoelectric
element 104 with the electrode material 104a.
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Since the electrode material 1044 also has a high thermal
conductivity, it may also be used as remove heat from the
piezoelectric element 104 using configurations discussed
herein to prevent electrical shorting of the piezoelectric ele-
ment. Methods to construct the first HTC implementation of
the piezoelectric element 104 and other implementations
include laminate construction similar to that used for multi-
layer ceramic capacitors and can be used with slip-cast piezo-
electric ceramic. In some implementations, a sufficient num-
ber ofthe piezoelectric layers 116 are used to produce enough
acoustic energy for the combined ultrasound 107 with the
thickness of each of the piezoelectric layers being much thin-
ner than when the piezoelectric element is one piece.

Consequently, the first HTC implementation of the piezo-
electric element 104 can have relatively short distances
involved from interior locations of the piezoelectric layers
116 to thermal pathways such as provided by the HTC layers
118. The HTC layers 118 can then be thermally coupled to
one or more instances of the heatsink 108 such as within
housing structures of the thermally enhanced ultrasound
transducer 100. When composed of electrically conductive
materials, such as metal, the HTC layers 118 could also be
electrically coupled together in series and/or parallel arrange-
ments depending on the electrical properties for an HTC
implementation of the piezoelectric element 104. For
example, electrically conductive versions of the HTC layers
118 that are electrically coupled together in series will reduce
the overall electrical capacitance of a particular HTC imple-
mentation of the piezoelectric element 104, whereas electri-
cally conductive versions of the HTC layers that are electri-
cally coupled together in parallel will increase the overall
electrical capacitance of a particular HTC implementation of
the piezoelectric element 104.

A second HTC implementation of the piezoelectric ele-
ment 104 is shown in FIG. 27 as having multiple of the HTC
layers 118 coupled to HTC side members 120 extending
perpendicularly to the HTC layers. Whereas the first HTC
implementation of the piezoelectric element 104 is depicted
in FIG. 26 as having two of the piezoelectric layers 116, the
second HTC implementation of the piezoelectric element is
depicted in FIG. 27 as having five of the piezoelectric layers
116. Other HTC implementations of the piezoelectric ele-
ment 104 can have various other numbers of the piezoelectric
layers 116 depending upon such factors as capacity of each of
the piezoelectric layers to produce ultrasound and require-
ment for amount of ultrasound energy to be produced.

A sixth implementation of the thermally enhanced ultra-
sound transducer 100 is shown in FIG. 28 as using a third
HTC implementation of the piezoelectric element 104 and
also using a plano-concave version of the acoustic lens 112.
The third HTC implementation uses laminated portions of the
piezoelectric material 116 and the HTC layers 118, which can
also be electrically conductive. The HTC side members 120
of the piezoelectric element 104 are positioned adjacent to
side portions of a housing 122, which serve as at least one of
the heat sinks 108. The HTC layers 118 also can be thermally
coupled directly to back portions of the housing 124 for
further removal of heat from the piezoelectric element 104.

A seventh implementation of the thermally enhanced ultra-
sound transducer 100 is shown in FIG. 29 as using a fourth
HTC implementation of the piezoelectric element 104 and
also using the plano-concave version of the acoustic lens 112.
The fourth HTC implementation of the piezoelectric element
104 has a internally positioned HTC member 126 that effec-
tively divides the HTC layers 118 into smaller active elements
to shorten thermal pathways to remove heat from the layers of
the piezoelectric material 116. Other versions of the seventh
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implementation of the thermally enhanced ultrasound trans-
ducer 100 can also include the rear HTC layer 102 and/or
front HTC section 106 discussed above. The internally posi-
tioned HTC member 126 is coupled to the back portion of the
housing 124 as one of the heat sinks 108 for further removal
of heat from the piezoelectric element 104.

The third and fourth HTC implementations of the piezo-
electric element 104 include versions of the HTC layers 118
that can be electrically conductive either coupled to or also
serving the function of the electrode material 104a. The HTC
layers 118 are thermally coupled to structural components of
the thermally enhanced ultrasound transducer 100, which
also act as instances of the heat sink 108. In addition, heat
extraction from the piezoelectric element 104 can be further
enhanced by division of the piezoelectric layers 116 and the
HTC layers 118 into smaller individual components such as
through the use of one or more instances of the internally
positioned HTC member 126 to further shorten thermal path-
ways from the piezoelectric layers 118 to one or more
instances of the heat sink 108.

Other implementations of the thermally enhanced ultra-
sound transducer 100 use the rear HTC layer 102 and/or other
implementations of the front HTC section 106 to aid the
removal of heat from the HTC implementations of the piezo-
electric element 104.

A first conventional composite implementation of the
piezoelectric element 14 is shown in FIG. 30 as having first
piezoelectric members 128 as posts of piezoelectric ceramic.
In the depicted version, the first piezoelectric members 128
extend along the illustrative X-dimension in which the com-
bined ultrasound 107 propagates. A polymer material 130,
such as epoxy, is positioned between the first piezoelectric
members 128 to help remove heat away from the first piezo-
electric members. The first conventional composite imple-
mentation can be formed, for instance, from a single piece of
piezoelectric ceramic cut with a fine dicing saw in two
orthogonal directions leaving a spaced array of'the first piezo-
electric members 128. The polymer material 130 is used to fill
between the first piezoelectric members 128. Other dicing
schemes may be applied such as dicing in one direction only
or by varying spacing and dimensions of the first piezoelectric
members 128.

A second conventional composite implementation of the
piezoelectric element 14 is shown in FIG. 31 having second
piezoelectric members 132 as fine piezoelectric ceramic
fibers. Other spacing or sized fibers can be used in other
conventional composite implementations. A conventional
composite implementation of the piezoelectric element 14
can be handled in a manner similar to that for a monolithic
version. Typically the first piezoelectric members 128 and the
second piezoelectric members 132 account for a range of
25%10 75% (depicted as 25% in FIG. 30 and 65% in FIG. 31)
of the total volume of a composite implementation of the
piezoelectric element 14 for operational frequency ranges
used.

A fifth HTC implementation of the piezoelectric element
104 is shown in FIG. 32 as having the first piezoelectric
members 128 positioned between an aggregate HTC ther-
mally conductive material 134. A sixth HTC implementation
of'the piezoelectric element 104 is shown in FIG. 33 as having
the second piezoelectric members 132 positioned between
the aggregate HTC material 134. Versions of the aggregate
HTC material 134 include the polymer material 130 mixed
with particles that have high thermal conductivity and are
electrically insulating, such as from materials including, but
not limited to aluminum oxide, aluminum nitride, zinc oxide,
sapphire, and diamond. Because of the relatively close pack-
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ing of the first piezoelectric members 128 and/or the second
piezoelectric members 132, such as on the order of a few
microns, heat flow readily occurs to the aggregate HTC mate-
rial 134 on to other heat dissipating structures such as one or
more instances of the heat sink 108.

In alternative implementations, high thermal materials 136
are incorporated directly with piezoelectric material 138, as
shown in FIG. 34, to form monolithic HTC versions of the
piezoelectric element 104, and the piezoelectric material 116,
the first piezoelectric members 128, and/or the second piezo-
electric members 132. The high thermal materials 136 as
thermally conductive, electrically insulating powder can be
incorporated by custom blending with the piezoelectric mate-
rial 138 as piezoelectric ceramic powder prior to firing.

The high thermal materials 136 include, but not limited to,
aluminum oxide, aluminum nitride, zinc oxide, sapphire, and
diamond. Particle size of the high thermal materials 136 can
be in the range of 20 to 200 microns which are large relative
to the particles of the piezoelectric material 138 (which typi-
cally are a few microns or less in diameter) and smaller than
the thickness of a typical version of the piezoelectric element
104, and the piezoelectric material 116, the first piezoelectric
members 128, and/or the second piezoelectric members 132.
Relatively large particle sizes for the high thermal materials
136 are chosen so that the interfaces between the fine grain
particles of the piezoelectric material 138 remain and piezo-
electric performance is maintained. Large particle sizes for
the high thermal materials 136 have the further advantage of
increased heat transfer.

From the foregoing it will be appreciated that, although
specific embodiments of the invention have been described
herein for purposes of illustration, various modifications may
be made without deviating from the spirit and scope of the
invention. For instance, for reasons including ease of illustra-
tion, rectangular and plano-concave shapes were used for
depicted implementations; however, other implementations
can use other shapes while staying with the spirit and scope of
the invention. Accordingly, the invention is not limited by
only those implementations described in detail herein.

The invention claimed is:

1. For a high intensity focused ultrasound (HIFU) trans-
ducer configured to transmit ultrasound having at least a first
frequency of at least 100 KHz along a first dimension toward
a front medium, a piezoelectric element comprising:

a plurality of piezoelectric layers including a first piezo-
electric layer and a second piezoelectric layer, each
piezoelectric layer configured to produce the ultrasound;

a plurality of high thermal conductivity (HTC) layers
including a first HTC layer, a second HTC layer, and a
third HTC layer, each HTC layer having a thermal con-
ductivity of at least 100 W/mC, the first piezoelectric
layer in juxtaposition between the first HTC layer and
the second HTC layer along the first dimension, the
second piezoelectric layer in juxtaposition between the
second HTC layer and the third HTC layer along the first
dimension;

a first HTC side member having a thermal conductivity of
at least 100 W/mC, the first HTC side member extending
along the first dimension; and

a second HTC side member having a thermal conductivity
of at least 100 W/mC, the first HTC side member extend-
ing along the first dimension, the plurality of HTC layers
thermally coupled to and extending between the first
HTC side member and the second HTC side member,
and the plurality of piezoelectric layers coupled to and
extending between the first HTC side member and the
second HTC side member; and
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a housing including a first side portion and a second side
portion, wherein the first HTC side member is thermally
coupled to the first side portion of the housing and the
second HTC side member is thermally coupled to the
second side portion of the housing.

2. The piezoelectric element of claim 1 wherein the plural-
ity of HTC layers have a thermal conductivity equal to the
thermal conductivity of one of the following materials: gold,
pure synthetic diamond, silver, bronze, or aluminum.

3. For a high intensity focused ultrasound (HIFU) trans-
ducer configured to transmit ultrasound having at least a first
frequency of greater than 100 KHz and less than 10 MHz, a
piezoelectric element comprising:

aplurality of high thermal conductivity (HTC) layers, each
HTC layer having a thermal conductivity of at least 100
W/mC, each HTC layer including a first parallel portion
and a second parallel portion positioned substantially
parallel to one another and including a third portion
extending from the first parallel portion to the second
parallel portion wherein the plurality of HTC layers have
athermal conductivity equal to the thermal conductivity
of pure synthetic diamond; and

aplurality of piezoelectric layers, each of the piezoelectric
layers configured to produce the ultrasound, each of the
piezoelectric layers being positioned between the first
parallel portion and the second parallel portion of a
different one of the HTC layers (HTC) layers.

4. For a high intensity focused ultrasound (HIFU) trans-
ducer configured to transmit ultrasound having at least a first
frequency of greater than 100KHz and less than 10 MHz, a
piezoelectric element comprising:
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a plurality of high thermal conductivity (HTC) layers, each
HTC layer having a thermal conductivity of at least 100
W/mC, each HTC layer including a first parallel portion
and a second parallel portion positioned substantially
parallel to one another and including a third portion
extending from the first parallel portion to the second
parallel portion;

aplurality of piezoelectric layers, each of the piezoelectric
layers configured to produce the ultrasound, each of the
piezoelectric layers being positioned between the first
parallel portion and the second parallel portion of a
different one of the HTC layers (HTC) layers; and

a housing containing the HIFU transducer, the housing
being thermally coupled with the third portions of each
of the plurality of HTC layers.

5. The piezoelectric element of claim 4 wherein the plural-
ity of HTC layers have a thermal conductivity equal to the
thermal conductivity of gold, pure synthetic diamond, silver,
bronze, and aluminum.

6. The piezoelectric element of claim 4 wherein the plural-
ity of HTC layers have a thermal conductivity equal to the
thermal conductivity of pure synthetic diamond.

7. The piezoelectric element of claim 4 wherein the plural-
ity of HTC layers have a thermal conductivity equal to the
thermal conductivity of silver.

8. The piezoelectric element of claim 4 wherein the plural-
ity of HTC layers have a thermal conductivity equal to the
thermal conductivity of bronze.

9. The piezoelectric element of claim 4 wherein the plural-
ity of HTC layers have a thermal conductivity equal to the
thermal conductivity of aluminum.
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