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Description

Background Art

[0001] The present invention relates to an ultrasound assembly employing an ultrasound focusing lens.
[0002] There are forms of therapy that can be applied within the body of a human or other mammalian subject by
applying energy to the subject. In hyperthermia, ultrasonic or radio frequency energy is applied from outside of the
subject’s body to heat certain body tissues. The applied energy can be focused to a small spot within the body so as to
heat a particular tissue or group of tissues to a temperature sufficient to create a desired therapeutic effect. This technique
can be used to selectively destroy unwanted tissue within the body. For example, tumors or other unwanted tissues can
be destroyed by applying heat to the tissue and raising the temperature thereof to a level (commonly temperatures of
about 60°C to 80°C) sufficient to kill the tissue without destroying adjacent, normal tissues. Such a process is commonly
referred to as "thermal ablation." Other hyperthermia treatments include selectively heating tissues so as to selectively
activate a drug or promote some other physiologic change in a selected portion of the subject’s body. Additional details
on the techniques employed in hyperthermia treatments for ablation are disclosed in, for example, copending, commonly
assigned PCT International Publication No. WO98/52465, the entire disclosure of which is incorporated herein by ref-
erence. Other therapies use the applied energy to destroy foreign objects or deposits within the body as, for example,
in ultrasonic lithotripsy.
[0003] Often, magnetic resonance imaging devices are utilized in conjunction with ultrasonic treatments so as to ensure
that the proper tissues are being affected. Combined magnetic resonance and ultrasonic equipment suitable for these
applications are described in greater detail in copending, commonly assigned PCT International Publication No.
WO98/52465.
[0004] Existing ultrasonic energy emitting devices include piezoelectric resonance units to produce ultrasound waves.
A plurality of separate ultrasound emitting sections may be disposed in an array. It has been proposed to orient the array
of ultrasound emitting sections in a relatively curved shape such that a focal length of about 20 cm is obtained. Ultrasonic
emitting sections of the curved variety are typically produced by forming a curved structure, and disposing the individual
ultrasound emitting sections on the curved structure to produce a unit capable of emitting a focused beam. Unfortunately,
this technique is relatively expensive, in part because it requires a substantial number of processing steps to produce
and locate the individual ultrasound emitting sections on the curved structure.
[0005] It is desirable in ultrasound surgery to minimize the space occupied by the equipment utilized to produce
ultrasound energy (e.g., the piezoelectric transducer). A curved piezoelectric transducer to obtain focused ultrasound
energy may occupy excessive space in the depth direction. Thus, it has been proposed to use a relatively planar
piezoelectric transducer in combination with a focusing lens that is also preferably substantially planar. One such focusing
lens employs a plurality of concentric rings, where each ring has a substantially rectangular cross-section. Additional
details of this lens may be found in the following documents: (i) Todd Fjield, Christina Silcox, and Kullervo Hynynen,
Low-Profile Lenses For Ultrasound Surgery, IEEE Ultrasonics Ferroelectrics And Frequency Control Symposium, Sendai,
Japan, October 1998; and (ii) Todd Fjield, Christina Silcox, and Kullervo Hynynen, Low-Profile Lenses For Ultrasound
Surgery, Phys. Med. Biol. 44, pp. 1803-1813 (1999). The entire disclosures of these documents are hereby incorporated
by reference. As opposed to utilizing refraction theory (i.e. Snell’s Law), the lenses disclosed in the above documents
operate to shift the phase of the ultrasound wave as it passes through the lens such that additive phase is achieved at
a focal point located away from the lens. Such a lens employs a multi-step approach where each ring has a cross-section
that resembles stair steps. The ultrasound wave propagates through the lens and exits from the lens at one or more
perpendicular surfaces, such as the tops of the stair steps of the rings.
[0006] It would be desirable to produce a substantially planar focusing lens that may be easily and cost effectively
produced, that does not occupy excessive space in the depth direction, and that may be easily received in base equipment.
[0007] Document CH 284836 discloses an ultrasonic apparatus, in particular for medical purposes, having a virtually
flat vibration generator and a device for concentrating the ultrasound radiation emitted by it, characterized in that the
concentration apparatus consists of a lens whose thickness is practically equal to n λ/2, where A is the wavelength of
the ultrasonic radiation in the lens substance, and n is an integer. The lens may be designed as a stepped lens.
[0008] Document US 4936303 discloses a method and apparatus for treatment of tumors by heating with ultrasonic
energy. A refractive assembly is provided for focussing the ultrasonic energy across a dispersed spatial deposition
pattern. The apparatus and method are configured to ensure uniform spread of energy across a dispersed volume,
rather than focussed to a single focal point.
[0009] Document US 5938608 discloses a therapy apparatus for treatment with focussed ultrasound, comprising an
acoustic lens for focussing the ultrasound energy. The lens may, in examples, be a Fresnel lens.
[0010] Document JP H08 193987 discloses an ultrasonic probe having a refraction and line-focussing type acoustic
Fresnel lens.
[0011] Document US 5278028 discloses a process for fabricating multi-discrete-phase binary Fresnel acoustic and
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optical lenses through the use of standard microelectronic fabrication techniques.

Summary of the Invention

[0012] The invention is defined by the claims. Aspects of the invention are defined by the appended claims. Other
objects, features, and advantages of the present invention will become apparent to those skilled in the art from the
following description of the invention with reference to the accompanying drawings.

Brief Description of the Drawings

[0013] For the purpose of illustrating the invention, there are shown in the drawings forms that are presently preferred,
it being understood, however, that the invention is not limited to the precise arrangements and/or instrumentalities shown.

FIG. 1A is a top plan view of a focusing lens in accordance with an aspect of the present invention;
FIG. 1B is a side sectional view of FIG. 1A taken through 1B-1B where the scale has been expanded);
FIG. 1C is a partial cross-sectional view of a lens in accordance with another aspect of the present invention;
FIG. 1D is a partial cross-sectional view of a lens in accordance with yet another aspect of the present invention;
FIG. 2 is a side sectional view of a portion of FIG. 1A having preferred measurements;
FIG. 3 is an exploded perspective view of a disposable ultrasound wave unit;
FIG. 4A is an exploded perspective view of an ultrasound wave unit in accordance with the aspects of the present
invention;
FIG. 4B is a top plan view of a signal electrode array employed in the ultrasound wave unit of FIG 4A;
FIGS. 4C and 4D are partial top plan views of alternative signal electrode configurations suitable for use in the array
of FIG. 4B;
FIGS. 5, 5A, and 5B are a top plan view and sectional views respectively, of a fluid box;
FIG. 6 is an exploded perspective view of an ultrasound planar unit;
FIG. 7 is a top plan view of a disposable ultrasound wave unit;
FIG. 8 is a perspective view of an apparatus for receiving a disposable ultrasound wave unit;
FIG. 9 is a more detailed perspective view of FIG. 8;
FIG. 10 is an exploded perspective view of a disposable ultrasound wave unit;and
FIG. 11 is a top plan view of a focusing lens not forming part of the invention.

Detailed Description of the Invention

[0014] Referring now to the drawings, wherein like numerals indicate like elements, there is shown in FIG. 1A, a lens
100 for focusing an ultrasound. The lens 100 includes a base 102, of substantially planar construction having spaced
apart first and second surfaces (the first surface 101 being in the general plane of the figure and the second surface
103 being best seen in FIG. 1B). The lens 100 includes a plurality of substantially concentric rings 104 disposed about
a central point C, the plurality of substantially concentric rings
104 being disposed on the first surface 101. The substantially concentric rings 104 are annularly disposed along a radius
r, and terminate at peripheral edges 106, 108, 110, 112 of a rectangularly formed base 102.
[0015] Preferably, the lens 100 is formed substantially from polystyrene, crystal polystyrene being preferred. Crystal
polystyrene suitable for use with the invention may be obtained from many producers, such as Goodfellow, a British
corporation.
[0016] A cross-section of the lens 100 through 1B-1B is shown in FIG. 1B, the scale having been significantly expanded
for purposes of discussion. As may be readily seen in FIG. 1B, the base 102 of the lens 100 includes the spaced apart
first and second surfaces 101, 103, respectively, and the plurality of substantially concentric rings 104 are disposed on
the first surface 101 of the base 102. It is noted that the base 102 is desirable for structural support, but is not required
to practice the invention. Indeed, the plurality of substantially concentric rings 104 may be disposed directly on some
other member, preferably a planar member of an ultrasound assembly. One such ultrasound assembly will be discussed
in more detail hereinbelow.
[0017] The plurality of substantially concentric rings 104 are sized and shaped such that phases of an incident ultra-
sound wave (shown by the arrow in FIG. 1B) are substantially additive at a focal point, F, located away from the base
102 along a perpendicular axis and along an axis perpendicularly located with respect to the base 102 that passes
through center point C. Surprisingly, when the substantially
concentric rings 104 are sized and shaped in accordance with the invention, aggregate focused ultrasound energy would
not be predicted at the focal point by Snell’s law refraction.
[0018] As shown in FIG. 1B, at least one, and preferably all, of the substantially concentric rings 104 has a generally
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triangular cross-section defined by first, second, and third sections, labeled I, II, and III, respectively. The first section I
of each substantially triangularly cross-sectioned concentric ring 104 extends from a proximal end radially away from
the central point C to a distal end along the first surface 101 of the base 102. The second section II extends from the
distal end of, and substantially perpendicular to, the first section I and terminates at a peak P. The third section III
smoothly slopes from the proximal end of the first section I to the peak P of the second section II.
As one moves in a radial direction, ri, from the central point C, one or both of the first and third sections I, III of respective
substantially concentric rings 104 have smaller lengths and the slopes of the respective third sections III are preferably
relatively larger. This is so because the lengths of the respective second sections II of the substantially concentric rings
104 are preferably substantially equal, while the lengths of the respective first sections I preferably become shorter at
further radii, ri.
[0019] As may be gleaned from FIG. 1B, the respective first sections I of adjacent substantially concentric rings 104
extend radially from the central point C such that the distal end of a first section I (e.g., I5) of an inner one of the adjacent
rings 104 terminates at the proximal end of a first section I (e.g., I6) of an outer one of the adjacent rings 104. From the
Pythagorean relationship, distances Di from respective peaks P of the rings 104 to the focal point F adhere to the following
equation: Di = (ri2 + F2)©, where ri is the radial distance extending from the central point C to each of the distal ends of
the first sections Ii of the substantially concentric rings 104 and F is a distance from the lens 100 to the focal point as
measured along an axis normal to the base 102 and passing through central point C. It is desirable to ensure that distance
Di increases by one wavelength λf of the ultrasound wave in a medium outside the lens 100 as the radial distance ri
increases. This adheres to the following equation: Di = F + λf · i, where i = 0, 1, 2... Setting these two questions for Di
equal to one another yields an expression for radial distance, ri (and by extension, the lengths of the respective first
sections I), that adheres to the following equation: (ri

2 + F2)1/2 ≅ F + λf · i, where i = 1, 2, 3,.... It is preferred that the
distance F is measured from a plane 105 defined by the peaks, P, of the substantially concentric rings 104. It is understood,
however, that the distance F may be measured from any arbitrary plane above the base 102 or above the lens 100.
[0020] In accordance with at least one aspect of the invention, the selection of the radial distances ri (and corresponding
first sections I) of the rings 104 will cause additive phasing of the ultrasound wave at the focal point F so long as the
proper dimensions of the second sections II (i.e., the thickness profile of lens) are achieved. To that end, the respective
lengths of the second sections II are: 

 where λf is the wavelength of the ultrasound wave in a medium outside the lens, λlens is the wavelength of the ultrasound
wave in the lens, and r1 is the radius, ri, from the center point to the first ring 104. This equation reflects that the lens
100 should shift the phase of the ultrasound wave from zero to 2π as the thickness of the leans 100 increases from the
proximal ends to the distal ends of the respective third sections III. Indeed, this ensures that the increases in the distances
Di by multiples of λf cause additive phasing at the focal point F. The above equation for the lengths of the respective
second sections II of the rings 104 is derived as follows: With reference to FIG. 1B, in traversing a distance Dplane from
first surface 101 of the lens 100 to arbitrary plane 105 through a given ring 104, the ultrasound wave passes through a
distance d1 of the lens medium (e.g., plastic) and through a distance d2 of a medium outside the lens 100 (e.g., water).
A phase shift Φo of the ultrasound wave from first surface 101 to plane 105 due to the medium outside the lens 100 is
given by: 

[0021] A phase shift ΦL, of the ultrasound wave from the first surface 101 to plane 105 due to the lens medium and
the medium outside the lens 100 is given by: 

where d1 is the distance from first surface 101 to the surface of the lens and d2 is the distance from the surface of the
lens to plane 105. Thus, d1 + d2 = Dplane. Using phase shift Φo as a reference, the change in phase ΦΔ from the first
surface 101 to plane 105 is given by: 
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It is noted from the above equation that the height of plane 105 above lens 100 (i.e., d2) is of no consequence. Thus, if
plane 105 were at distance F from the desired focus, the phase shift required to produce the desired focus could be
expressed using the Pythagorean relationship as follows: 

Setting the above equations for ΦΔ equal to one another yields: 

Solving for d1, the length of the second section II, yields: 

[0022] It is noted that the lens 100 may include the base 102 having some finite thickness (i.e., a thickness between
first and second surfaces 101, 103). Preferably, this thickness is small compared to the thickness of the second sections
II. Since the base 102 preferably has a substantially uniform thickness between the first and second surfaces 101, 103
and the second sections II of the respective substantially concentric rings 104 extend from the first surface 101 of the
base 102, the lens 100 exhibits a substantially planar profile.
[0023] The above equations defining the respective lengths of the first and third sections I and III of each of the
substantially concentric rings 104 preferably yields lengths which are less than about five wavelengths of the ultrasound
wave propagating through the lens 100. Although the inventions herein are not limited to a specific theory of operation,
it is believed that this advantageously results in no substantial refraction of the ultrasound wave at the respective third
sections III when the ultrasound wave propagates through the lens 100. Indeed, in accordance with one aspect of the
invention, the phases of the ultrasound wave are substantially additive such that substantial ultrasound energy is obtained
at the focal point F while the energy level at any other point proximate to the lens 100 is at least about 100 times lower.
[0024] For ease of manufacture, it is preferred that the third section III slopes along a substantially straight trajectory
from the proximal end of the first section I to the peak P of the second section II (i.e., approximating the surface to be
substantially linear from the proximal end of the first section I to the peak P of the second section II). Ideally, the third
section III is sloped along a curved trajectory from the proximal end of the first section I to the peak P of the second
section II. In this case, the third sections III of respective substantially concentric rings 104 are curved to substantially
match respective segments of the following function of the radius r: 

i.e., the equation for the thickness of the lens 100 evaluated at many radii, ri modulo (1/λf - 1/λlens)-1.
[0025] Reference is now made to FIG. 1C which illustrates a cross-sectional view of a lens 100A in accordance with
one or more further aspects of the present invention. For clarity, FIG. 1C shows only a portion of the lens 100A. It is
understood that the plurality of substantially concentric rings 104 may be disposed at and define respective contours of
first and second surfaces 101a, 103a of the lens 100A such that, in cross-section, a plurality of concentric radially
extending zones are defined from a central axis of the lens 100A towards a periphery of the lens 100A. Further, the rings
104 preferably have a substantially triangular cross-section such that a thickness T of the lens 100A from the first surface
101a to the second surface 103a substantially smoothly increases in relation to increased radial distances from the
central axis within at least a portion of a given zone. FIG. 1C illustrates that each radially extending zone includes one
ring 104 formed from each of the first and second surfaces 101a, 103a of the lens 100A. Further, the rings 104 in each
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radially extending zone are mirror images of one another.
[0026] With reference to FIG. 1D, a cross-sectional view of a lens 100B in accordance with one or more further aspects
of the present invention is shown. Each radially extending zone includes only one ring 104 formed from one of the first
and second surfaces 101a, 103a of the lens 100B. In particular, adjacent radially extending zones include rings 104
from respective ones of the first and second surfaces 101a, 103a of the lens 100B. While FIGS. 1C and 1D illustrate
two examples of how the substantially concentric rings 104 may be positioned, it is understood that many other variations
will be apparent to the skilled artisan as being within the scope of the invention in light of the disclosure herein. For
example, the lens 100 shown in FIG. 1B may be inverted such that the peaks P are downwardly directed (i.e., are directed
toward the incident ultrasound wave shown by the arrow).
[0027] Reference is now made to FIG. 2 which illustrates a cross-sectional view of a preferred lens 100C in which
dimensions are shown in millimeters. This preferred lens 100 exhibits a focal point F approximately 15 centimeters away
from the plane 105 when an ultrasound wave is incident at second surface 103 and propagates through the lens 100C.
The lens 100C has been found to work well to focus ultrasound waves of about 1.4 MHz.
[0028] It is noted that the lenses 100, 100A, 100B, and 100C in accordance with the invention do not adhere to Snells
law refraction. Indeed, it has been found that the size and shape of the rings 104 described herein would not focus the
ultrasound wave toward the focal point F when Snell’s law is applied. Further, while the lens 100C of FIG. 2 is on the
order of 3 mm thick for a focal point 15 cm away at 1.4 MHz, a lens adhering to Snells law would be much thicker, on
the order of 1 cm or more.
[0029] Reference is now made to FIG. 3, which is an exploded perspective view of an ultrasound wave unit 200 in
accordance with one or more further aspects of the present invention. Preferably, the ultrasound wave unit 200 is
disposable (or replaceable) and, thus, will be referred to as such herein. The disposable ultrasound wave unit 200
includes an ultrasound planar member 150 having an array of piezoelectric transducers (not shown) disposed between
spaced apart forward and rearward surfaces 152, 154, respectively. The ultrasound planar member 150 is preferably
operable to produce an ultrasound wave propagating from the forward surface 152 in a direction substantially perpen-
dicular thereto.
[0030] The disposable ultrasound wave unit 200 preferably includes a lens 100 in sonic communication with the forward
surface 152 of the ultrasound planar member 150 for focusing the ultrasound wave emanating from the ultrasound planar
member 150. It is most preferred that the lens 100 is substantially similar to the lens 100 discussed above with respect
to FIGS. 1A and 1B. The ultrasound planar member 150 and the lens 100 are preferably coupled to a frame 180 that is
sized and shaped to achieve the desired sonic communication therebetween. In particular, the frame 180 preferably
includes peripheral members 182, 184, 186, 188 defining a central aperture 190 through which the sonic communication
is obtained. It is most preferred that the planar member 150 is flat and the lens 100 is flat.
[0031] It is noted that when the lens 100 does not include a base 102, the rings 104 of the lens 100 may be disposed
on the ultrasound planar member 150, for example, on forward surface 152. The disposable ultrasound wave unit 200
may also include a backing layer 170, preferably formed from alumina or silicon carbide. The backing layer 170 preferably
overlies a substantial portion of the ultrasound planar member 150 such that an acoustic mismatch is achieved at the
interface thereof and the ultrasound wave emanating from the ultrasound planar member 150 propagates substantially
from the forward surface 152.
[0032] Reference is now made to FIG. 4A, which shows an exploded view of an ultrasound wave unit 202. Preferably,
the ultrasound wave unit 202 is disposable and, thus, will be referred to as such hereinbelow. The disposable ultrasound
wave unit 202 includes an ultrasound planar member 150, which is shown in exploded form. In particular, the ultrasound
planar member 150 includes a plurality of layers 156A, 156B, 156C, 156D and 156E. The layers 156A and 156B are
formed from a piezoelectric polymeric material having spaced apart forward and rearward surfaces. Suitable piezoelectric
polymeric materials include polyvinylidene difluoride (PVDF), and co-polymers of PVDF (such as PVDF and trifluoroeth-
ylene (TrFE)). The use of PVDF (and PVDF-TrFE, P (VDF-TrFE), in particular) as the polymeric material is most preferred.
[0033] With reference to FIGS. 4A and 4B, a plurality of signal electrodes 158 are preferably disposed on the rearward
surface of layer 156A (one-hundred sixty signal electrodes 158 being preferred) . The signal electrodes 158 may be
disposed on the polymeric material of layer 156A as, for example, by applying an electrically conductive ink on its
rearward surface or by sputtering or plating. Each signal electrode 158 is preferably capable of separate excitation,
which dictates separate electrical connection between respective signal electrodes 158 and an excitation source (not
shown). To that end, a plurality of signal runs 160 extend from respective signal electrodes 158 to one or more peripheral
edges of the polymeric material layer 156A. It is preferred that layer 156A is substantially rectangular and, therefore,
includes four such peripheral edges 162A, 162B, 162C, and 162D. Distal ends of the signal runs 160 preferably terminate
at terminals 164. Preferably, the terminals 164 are in the form of electrode pads that are rearwardly directed and disposed
in registration with corresponding electrodes of the excitation source (not shown). As will be discussed in more detail
below, when the frame 180 of the disposable ultrasound wave unit 202 is engaged with a mating apparatus, the electrodes
of the excitation source electrically communicate with the terminals 164 of layer 156A such that signal voltages may be
delivered to the respective signal electrodes 158.
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[0034] With particular reference to FIG. 4B a substantially high ratio of signal electrode area to unused area ("fill factor")
is achieved. It is most preferred that higher fill factor is achieved in a central portion of the array than at a periphery of
the array. It is preferred that all signal electrodes 158 in the array occupy substantially the same amount of area. These
features are preferably achieved while still maintaining room to route the signal runs 160 from the respective signal
electrodes 158 to the peripheral edges 162A-D. To this end, it is also preferred that respective subsets of signal electrodes
158 of the array are oriented in a direction defined by the respective signal runs 160 of those signal electrodes 158. For
example, signal electrodes 158A-D may form a subset of signal electrodes 158 oriented in a signal run direction shown
by arrow SR. Although the signal run direction SR is shown as generally extending from respective signal electrodes
158A-D towards the distal ends of signal runs 160 (i.e., towards the terminals 164 for that subset), it is understood that
the signal run direction may be defined in the opposite sense, i.e., in a direction from the terminals 164 towards the
signal electrodes 158A-D. In any event, each signal electrode 158A-D has an area defined by a length L in the signal
run direction and a width W in a direction transverse to the signal run direction. While the area of a given signal electrode
158 is proportional to the product of the length L and width W, an aspect ratio for the given signal electrode 158 may be
defined by the quotient of the length L to the width W. It is noted that the aspect ratio may alternatively be defined as a
quotient of the width W to the length L.
[0035] Irrespective of how the signal run direction and aspect ratio of the signal electrodes 158A-D are defined, it is
preferred that the aspect ratio varies from one signal electrode 158 to another in the signal run direction. For example,
assuming that the signal run direction SR is as shown in FIG. 4B and the aspect ratio of a given signal electrode 158 is
defined as the quotient of the length L to the width W, it is preferred that the aspect ratio increases from one signal
electrode 158 to another signal electrode 158 in the signal run direction SR. More particularly, it may be seen from FIG.
4B that signal electrode 158A has an aspect ratio that is less than unity. The aspect ratios, however, of signal electrodes
158B, 158C, and 158D increase, where the aspect ratio of signal electrode 158D may be substantially equal to or greater
than unity. It is noted that the aspect ratio of a given signal electrode 158 that is furthest from the terminals 164 of the
subset need not have an aspect ratio that is less than unity. Indeed, another subset of signal electrodes 158 of the array,
namely, signal electrodes 158E-I have respective aspect ratios starting from approximately unity (e.g., signal electrode
158E) and ending at an aspect ratio which is substantially greater than unity (e.g., signal electrode 158I). It is noted that
when the aspect ratio is defined as the quotient of the width W to the length L, the aspect ratios of respective signal
electrodes 158 in a subset decrease from one signal electrode 158 to another signal electrode 158 in the signal run
direction SR (given that this direction extends toward the terminals 164).
[0036] Advantageously, the relationship between subsequent aspect ratios of the signal electrodes 158 within a subset
and the signal run direction SR permits room for the signal runs 160 to extend from the respective signal electrodes 158
to the terminals 164 at the periphery of layer 156A. Additional advantages are also achieved, namely, that vias are
avoided and, therefore, reduced cost in manufacturing is achieved. As shown in FIG. 4B, this additional room is utilized
by routing a signal run 160 of one signal electrode (e.g., signal electrode 158A) along one side of the subset of signal
electrodes 158 and routing a signal run 160 of an adjacent signal electrode 158 (e.g., signal electrode 158B) along an
opposite side of the subset of signal electrodes 158. The signal runs 160 of further signal electrodes 158 within the
subset are likewise routed on alternating sides of the subset of signal electrodes 158. Under extreme ultrasound steering
conditions, adjacent signal electrodes 158 in the signal run direction SR emit ultrasound waves that are 180° out of
phase and, therefore, routing the signal runs 160 in this manner results in adjacent signal runs 160 carrying excitation
signals that are substantially in phase. Advantageously, the signal runs 160 contribute to the emission of ultrasound
energy, thereby increasing the effective active emitting area of the array.
[0037] With reference to FIGS. 4C and 4D, alternative methodologies for utilizing the space to route the signal runs
160 may be employed. For example, as shown in FIG. 4C, the signal electrodes 158 of a subset are organized into
adjacent groups, such as pairs. Each pair of signal electrodes 158 within the subset have their respective signal runs
160 routed along the same side of the subset. Thus, the signal runs 160 for signal electrodes 158J and 158K are routed
along a first side of the subset, while another pair of signal electrodes 158L and 158M have signal electrodes 160 routed
along a second side of the subset. As shown in FIG. 4D, all of the signal runs 160 of the signal electrodes 158N-Q within
a subset may be routed down the same side of the subset.
[0038] The ultrasound planar member 150 preferably includes layer 156B formed from a piezoelectric polymeric
material and having spaced apart forward and rearward surfaces, the rearward surface including a ground layer 161
that substantially overlies the plurality of signal electrodes 158. Layer 156B preferably includes cut-outs 163A, 163B,
and 163C at respective peripheral edges thereof such that access to terminals 164 may be obtained from a rearward
direction (it being noted that an additional cutout may be included on layer 156B in correspondence with peripheral edge
162D of layer 156A, but cannot be seen in FIG. 4A) .
[0039] The ultrasound planar member 150 preferably includes layer 156C having forward and rearward surfaces (the
rearward surface being visible), where the rearward surface includes a ground layer (not shown) that substantially
overlies the signal electrodes 158. Preferably, layers 156C, 156D and 156E are formed from mylar, polyethylene, and
mylar, respectively. These layers of the ultrasound planar member 150 preferably measure 0.01 inches thick and are
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preferably laminated together to form a unit having the spaced apart forward and rearward surfaces 152, 154, respectively,
discussed above with respect to FIG. 3.
[0040] The ultrasound planar member 202 preferably includes a backing member 170 that may be substantially similar
to the backing layer 170 of FIG. 3. The backing layer 170 preferably overlies substantially all of the signal electrodes
158, but does not interfere with the cut-outs 163A, 163B and 163C such that access to terminals 164 may be obtained
at the peripheral edges 162A, 162B, 162C, and 162D of layer 156A. It is most preferred that backing layer 170 also
provide thermal communication with the ultrasound planar member 150 such that heat may be drawn from the ultrasound
planar member 150 into and through the backing layer 170.
[0041] The disposable ultrasound wave unit 202 preferably includes a fluid box 300 in thermal communication with
the rearward surface 154 of the ultrasound planar member 150 (through the backing layer 170 when employed). The
fluid box 300 includes at least one, and preferably first and second input/output fluid ports 302, 304 for entry and/or
egress of cooling fluid. It is most preferred that the first and second input/output fluid ports 302, 304 are rearwardly and
substantially perpendicularly directed with respect to the rearward surface 154 of the ultrasound planar member 150.
The cooling fluid may be a liquid, such as water or the fluid may be a gas, such as air. Preferably, the fluid box 300 is
sized and shaped to substantially overly the rearward surface 154 of the ultrasound planar member 150 without interfering
with the cut-outs 163A, 163B, 163C of layer 156B or the terminals 164 at the peripheral edges 162A, 162B, 162C, and
162D of layer 156A.
[0042] Preferably, the fluid box 300 is in the form of a cap communicating with the backing layer 170 to define a volume
for receiving the cooling fluid.
[0043] As best seen in FIG. 5 (and sectional views FIG. 5A and FIG. 5B), the first and second input/output fluid ports
302, 304 of the fluid box 300 communicate with interior volume 306. The cap shape of the fluid box 300 preferably
includes a substantially planar inner surface 308 which is spaced away from the rearward surface 154 of the ultrasound
planar member 150 (or the backing layer 170 when employed). The fluid box 300 preferably also includes at least one
transversely directed fin 310 extending from the inner surface 308 and at least towards the rearward surface 154 (or
backing layer 170) to channel the cooling fluid thereover. It is most preferred that the fluid box 300 includes a plurality
of transversely directed fins 310 extending from the inner surface 308, where some of the fins substantially reach the
backing layer 170 (when employed), such as fins 310A. Preferably others of the fins 310 terminate substantially away
from the backing layer 170 (when employed) such that the cooling fluid may flow under the fins 310 but is substantially
directed to thermally engage the backing member 170. For example, fins 310B preferably terminate substantially away
from the backing layer 170.
[0044] Assuming that the first port 302 is an input port, the transversely directed fins 310 are preferably oriented such
that cooling fluid: (i) enters the volume 306 through the first input/output fluid port 302; (ii) is directed away from the
second input/output fluid port 304 in the direction of arrow A; (iii) is directed over the backing layer 170 past the second
input/output fluid port 304 as shown by arrows B; and (iv) is directed toward and out of the second input/output fluid port
304 as shown by arrow C.
[0045] It is most preferred that the cooling fluid be urged into the first port 203 and out of the second port 304 using
suction (as opposed to positive pressure) so that a leak in the system will not permit cooling fluid (e.g. water) to contact
components of the disposable ultrasound wave unit 202.
[0046] Turning again to a preferred construction of the ultrasound planar member 150 and as best seen in FIG. 6,
layer 156C includes a ground layer 163 disposed on a rearward surface thereof, where the ground layer 163 includes
connecting terminals 163A, 163B, 163C, and 163D at respective corners thereof. Similarly, ground layer 161 of layer
156B includes connecting terminals 161A, 161B, 161C, and 161D at respective corners thereof. As it is desirable to
obtain electrical communication with ground layer 163 of layer 156C, connection terminals 163A-D are rearwardly di-
rected. To achieve electrical communication with the connection electrodes 161A-D of layer 156C, apertures 167 are
disposed in layer 156A and are in registration with the connection terminals 163A-D of layer 156C. In addition, apertures
169 are disposed in layer 156B and are in registration with apertures 167 of layer 156A such that rearward access to
the connection terminals 163A-D of layer 156C is obtained.
[0047] As best seen in FIG. 7, when the ultrasound planar member 150, frame 180, and fluid box 300 are assembled,
a top plan view of the disposable ultrasound wave unit 202 reveals that the terminals 164 of layer 156A, the connection
terminals 163A-D of layer 156C, and the connection terminals 161A-D of layer 156B are electrically accessible from a
rearward direction. In addition, access to the first and second input/output fluid ports 302, 304 are accessible from the
rearward direction. With reference to FIG. 8, the disposable ultrasound wave unit 202 is preferably operable to be
releasably received into a control head 400, which is part of a larger apparatus (not shown). The control head 400
includes lateral channels 402 sized and shaped to slidably engage respective peripheral members 182, 186 of frame
180. In use, the disposable ultrasound wave unit 202 is fully inserted into the control head 400 and lever 404 is rotated
to electrically communicate with, and mechanically engage, the disposable ultrasound wave unit 202.
As best seen in FIG. 9, control head 400 includes numerous elements for communicating with the disposable ultrasound
wave unit 202. In particular, the control head 400 includes a plurality of connector elements 410, preferably of the
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conventional pogopin variety, which are downwardly directed.
Preferably, the connector elements 410 are in registration with rearwardly directed terminals 164, rearwardly directed
connector terminals 161A-D, and rearwardly directed connecter terminals 163A-D of the disposable ultrasound wave
unit 202 (see FIG. 7) .
[0048] The control head 400 also includes at least one, and preferably first and second cooling fluid nipples 412, 414,
which are downwardly directed and preferably in registration with first and second input/output fluid ports 302, 304 of
the disposable ultrasound wave unit 202. It is most preferred that connector elements 410 and fluid nipples 412, 414
are substantially simultaneously movable toward and away from the disposable ultrasound wave unit 202 by virtue of
rotatable lever 404 using any of the known techniques, for example, by way of mechanical shafts, cams, plates, etc.
Thus, when the disposable ultrasound wave unit 202 is inserted into the control head 400 and the rotatable lever 404
is activated, the connector elements 410 and the nipples 412, 414 may substantially simultaneously engage the terminals
164, connector terminals 161A-D, connector terminals 163A-D and ports 302, 304, respectively, of the disposable
ultrasound wave unit 202.
[0049] Reference is now made to FIG. 10, which is a partially exploded perspective view of the disposable ultrasound
wave unit 202. The disposable ultrasound unit 202 includes a lens 100 (not seen in FIG. 10) that is substantially similar
to the lens 100 discussed hereinabove with respect to FIGS. 1A-B.
The disposable ultrasound wave unit 202 also preferably includes a substantially flexible bag 500 in sonic communication
with the forward surface of the ultrasound planar member 150 (by way of the lens). Preferably, the flexible bag 500
defines an inner volume containing de-gased water. The flexible bag 500 may also contain a cavitation suppressant,
such as vitamin C. The de-gased water (and cavitation suppressant) may be inserted into the flexible bag 500 by way
of port 109, which may then be sealed. The flexible bag 500 is preferably coupled to the frame 108 via frame 504 and
gasket 502.
[0050] Reference is now made to FIG. 11, which does not form part of the invention. The lens 100D includes a plurality
of elongated fins 204 oriented in a parallel relationship to a central axis C. Each fin 204 has a cross-section as illustrated
in FIG. 1B, where distances ri relate to the widths of the fins 204 rather than the radii of the rings 104 (FIG. 1). Thus,
instead of concentric rings 104 extending annularly around central point C, fins 204 extend linearly in parallel relationship
to central axis C. The thickness profile of the fins 204 preferably adhere to the following equation: 

i.e., the same equation for the thickness of the lens 100 of FIG. 1B, evaluated at many distances ri modulo (1/λf - 1/λlens)-1.
The lens 100D focuses a planar ultrasound wave along a line parallel to central axis C and spaced away from the lens
100D at a distance F.
[0051] The disposable ultrasound wave unit 202 also preferably includes at least one memory device 600 that stores
data defining the properties of the piezoelectric transducers of the ultrasound planar member 150. The memory device
600 may be a nonvolatile digital memory such as a ROM, PROM or EEPROM, or an array of resistors or other components
having resistance values or other parameter values which encode information representing the parameters to be stored
by the memory device 600. A machine-readable label, magnetic strip, RF-readable tag or optical device may also be
employed as the memory device 600, provided that the control head 400 incorporates an appropriate reading device.
Where the memory device 600 is an electrical device, the memory device 600 may be electrically connected to the
control head 400 by way of connector elements 410.
[0052] When the disposable ultrasound wave unit 202 is engaged with the control head 400, data from the memory
device 600 is transferred to a control computer (not shown) associated with the control head 400. The memory device
600 may be destroyed or erased upon data transfer, so that the disposable ultrasound wave unit 202 cannot be reused.
Alternatively, the data stored in the memory device 600 may be altered, as by writing information indicating that the
disposable ultrasound wave unit 202 has been used into the memory device 600 or incrementing a usage count stored
in the memory device 600. The memory device 600 may also store information useable by the control computer in
operation with the disposable ultrasound wave unit 600. This information may include identification of the disposable
ultrasound wave unit 202 such as a model number and/or serial number, and may also include parameters such as the
maximum drive signal power or maximum drive signal voltage to be applied to individual piezoelectric transducers of
the ultrasound planar unit 150 or to the unit 150 as a whole.
[0053] The data included in the memory device 600 desirably includes one or more parameters which affect a rela-
tionship between output amplitude and/or phase and the amplitude and/or phase of the applied drive signal for each
piezoelectric transducer at one or more temperatures. For example, a parameter which affects the amplitude relationship
may be the conversion efficiency of the transducer; a ratio of acoustic output amplitude (or power) to electrical drive
signal amplitude (or power); or an amplitude correction factor. Parameters which affect the phase relationship include
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the phase offset relative to the drive signal and the phase offset between transducers, i.e., the difference in phase
between the output signals from the various transducers when all are driven with drive signals of the same phase. This
data may be provided as separate parameters for each individual transducer in the particular array; as representative
parameters for groups of transducers in the array; or as common parameters representing the properties of all of the
transducers in the particular array. Also, each parameter can be provided as a single value representing performance
of the transducer, group or array over its expected operating temperature range, or as data representing variation in
such parameter of the transducer, group or array as a function of one or more other variables such as temperature, drive
signal frequency, and instantaneous drive power. The data may be individualized data pertaining to a single disposable
unit, such as data obtained from actual measurements of the performance of individual transducers included in the
particular array at different temperatures. Alternatively, the data may include generic data derived for transducers of the
type included in the array. Combinations of individualized data and generic data may be used. For example, the memory
device 600 may contain individualized data derived from actual test or measurement of the piezoelectric transducers in
the array at one temperature; such as at a nominal operating temperature, and this individualized data may be combined
with generic data such as data defining the change in amplitude response versus temperature for all transducers of the
same type. The use of individualized data pertaining to a particular disposable ultrasound wave unit 202 allows the
control computer to compensate for differences between units and between transducers within a unit. This reduces the
need for precision in manufacture of the disposable ultrasound wave units 202 to achieve identical properties in the
various transducers. Although the individualized data preferably is derived from actual sonic emission testing, individu-
alized data also can be provided by measuring, during manufacture of the disposable ultrasound wave units 202, char-
acteristics of individual transducers or arrays which are associated with different sonic emission properties as, for example,
thickness of the piezoelectric films or capacitance of the films in particular transducers at a reference temperature. This
data can be converted to parameters such as those discussed above based upon relationships between the measured
properties and the parameters accumulated through tests of other, similar units.
[0054] Although the invention herein has been described with reference to particular embodiments, it is to be understood
that these embodiments are merely illustrative of the principles and applications of the present invention.

Claims

1. An ultrasound wave unit, comprising:

a flat ultrasound planar member (150) including an array of piezoelectric transducers disposed between spaced
apart forward and rearward surfaces, and being operable to produce an ultrasound wave, having a wavelength
A propagating from the forward surface in a direction substantially perpendicular thereto; and
a flat lens (100) sonically communicating with the forward surface (152) of the ultrasound planar member for
focussing the ultrasound wave, the lens comprising a plurality of substantially concentric rings (104) disposed
about a central point, at least one of the rings having a substantially triangular cross-section defined by first,
second, and third sections, the first section extending from a proximal end radially away from the central point
to a distal end, the second section extending from the distal end of, and substantially perpendicular to, the first
section and terminating at a peak, and the third section smoothly sloping from the proximal end of the first
section to the peak of the second section, and wherein the first, second and third sections have lengths with
respect to the wavelength of the ultrasound wave such that (i) phases of the ultrasound wave are substantially
additive at a focal point located at a given distance F from a plane defined by the peaks of the substantially
concentric rings, as measured along an axis perpendicular to the lens that passes through the central point,
and (ii) aggregate focused ultrasound energy would not be predicted at the focal point by Snell’s law refraction,
wherein
first sections of respective substantially concentric rings have smaller lengths as the substantially concentric
rings are radially further from the central point, and wherein:

the respective first sections of adjacent substantially concentric rings extend radially from the central point
such that the distal end of the first section of an inner one of the adjacent substantially concentric rings
terminates at the proximal end of the first section of an outer one of the adjacent substantially concentric
rings; and
radii, ri, extending from the central point to each of the distal ends of the first sections of the substantially
concentric rings, adhere to the following equation: 
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where i = 1,2,3,..., and λf is the wavelength of the ultrasound wave in a medium outside the lens, the medium
outside the lens being water; and wherein

second sections of respective concentric rings have substantially equal lengths; and
lengths of the respective second sections are: 

where λf is the wavelength of the ultrasound wave in a medium outside the lens, the medium being water, λlens
is the wavelength of the ultrasound wave in the lens, and r is the radius from the central point to the distal end
of the first section of one of the substantially concentric rings.

2. The ultrasound wave unit of claim 1, wherein the lens is formed substantially from polystyrene.

3. The ultrasound wave unit of claim 1, wherein the lens is formed substantially from crystal polystyrene.

4. The ultrasound wave unit of claim 1, wherein the third section slopes along a substantially straight trajectory from
the proximal end of the first section to the peak of the second section.

5. The ultrasound wave unit of claim 4, wherein third sections of respective substantially concentric rings have smaller
lengths as the respective substantially concentric rings are radially further from the central point.

6. The ultrasound wave unit of claim 5, wherein the slopes of the respective third sections are larger as the substantially
concentric rings are radially further from the central point.

7. The ultrasound wave unit of claim 1, wherein the lengths of first sections of respective ones of the substantially
concentric rings are less than about five wavelengths of the ultrasound wave.

8. The ultrasound wave unit of claim 1, wherein the third section slopes along a curved trajectory from the proximal
end of the first section to the peak of the second section.

9. The ultrasound wave unit of claim 8, wherein:

respective first sections of adjacent substantially concentric rings extend along a radius, r, from the central point
such that the distal end of the first section of an inner one of the adjacent substantially concentric rings terminates
at the proximal end of the first section of an outer one of the adjacent substantially concentric rings; and
third sections of respective substantially concentric rings are curved to substantially match respective segments
of the following function of r: 

where λf is the wavelength of the ultrasound wave in a medium outside the lens, and F is a distance from a
plane defined by the peaks of the substantially concentric rings to a focal point measured along an axis normal
to the plane.

10. The ultrasound wave unit of claim 1, wherein the lens includes a base having spaced apart first and second surfaces
such that the base has a substantially uniform thickness between the first and second surfaces, and the substantially
concentric rings are disposed on the first surface of the base such that the second sections of the respective
substantially concentric rings extend from the first surface of the base away from the second surface of the base.
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Patentansprüche

1. Ultraschallwelleneinheit, umfassend:

ein flaches Ultraschallplanarelement (150), das eine Anordnung piezoelektrischer Transducer aufweist, die
zwischen beabstandeten Vorder- und Rückflächen angeordnet sind und betätigbar sind, um eine Ultraschallwelle
zu erzeugen, die einen Wellenlänge λ hat, die sich von der Vorderfläche in eine Richtung im Wesentlichen
senkrecht zu ihr erstreckt, und
eine flache Linse (100), die akustisch mit der Vorderfläche (152) des Ultraschallplanarelements kommuniziert,
um die Ultraschallwellen zu fokussieren, wobei die Linse eine Vielzahl im Wesentlichen konzentrischer Ringe
(104) umfasst, die um einen Mittenpunkt angeordnet sind, wobei mindestens einer der Ringe einen im Wesent-
lichen dreieckigen Querschnitt hat, der durch einen ersten, zweiten und dritten Abschnitt definiert ist, wobei
sich der erste Abschnitt von einem proximalen Ende radial von dem Mittenpunkt weg zu einem distalen Ende
erstreckt, der zweite Abschnitt sich von dem distalen Ende und im Wesentlichen senkrecht zu ihm zu dem
ersten Abschnitt erstreckt und an einer Spitze endet, und der dritte Abschnitt sich allmählich von dem proximalen
Ende des ersten Abschnitts zu der Spitze des zweiten Abschnitts neigend erstreckt, und wobei der erste, zweite
und dritte Abschnitt Längen in Bezug auf die Wellenlänge der Ultraschallwelle derart haben, dass (i) Phasen
der Ultraschallwelle im Wesentlichen an einem Brennpunkt additiv sind, der an einem gegebenen Abstand F
von einer Ebene liegt, die durch die Spitzen der im Wesentlichen konzentrischen Ringe definiert ist, wie entlang
einer Achse senkrecht zu der Linse, die durch den Mittenpunkt durchgeht, gemessen, und (ii) aggregierte
fokussierte Ultraschallenergie an dem Brennpunkt durch Snell’s-Gesetz-Brechung nicht vorausgesagt würde,
wobei
erste Abschnitte der jeweiligen im Wesentlichen konzentrischen Ringe kleinere Längen haben immer je weiter
die im Wesentlichen konzentrischen Ringe radial von dem Mittenpunkt entfernt sind, und wobei:

sich die jeweiligen ersten Abschnitte benachbarter im Wesentlichen konzentrischer Ringe radial von dem
Mittenpunkt derart erstrecken, dass das distale Ende des ersten Abschnitts eines ersten der benachbarten
im Wesentlichen konzentrischen Ringe an dem proximalen Ende des ersten Abschnitts eines äußeren der
benachbarten im Wesentlichen konzentrischen Ringe endet, und
Radien ri, die sich von dem Mittenpunkt zu jedem der distalen Enden der ersten Abschnitte der im Wesent-
lichen konzentrischen Ringe erstrecken, die folgende Gleichung erfüllen: 

wobei i = 1, 2, 3, ... und λf die Wellenlänge der Ultraschallwelle in einem Medium außerhalb der Linse ist,
wobei das Medium außerhalb der Linse Wasser ist, und wobei

zweite Abschnitte der jeweiligen konzentrischen Ringe im Wesentlichen gleiche Längen haben, und
Längen der jeweiligen zweiten Abschnitte sind: 

wobei λf die Wellenlänge der Ultraschallwelle in einem Medium außerhalb der Linse ist, wobei das Medium
Wasser ist, wobei λlens die Wellenlänge der Ultraschallwelle in der Linse ist und r der Radius von dem Mittenpunkt
zu dem distalen Ende des ersten Abschnitts eines der im Wesentlichen konzentrischen Ringe ist.

2. Ultraschallwelleneinheit nach Anspruch 1, wobei die Linse im Wesentlichen aus Polystyrol gebildet ist.

3. Ultraschallwelleneinheit nach Anspruch 1, wobei die Linse im Wesentlichen aus Polystyrolkristall gebildet ist.

4. Ultraschallwelleneinheit nach Anspruch 1, wobei der dritte Abschnitt entlang einer im Wesentlichen geraden Bahn
von dem proximalen Ende des ersten Abschnitts zu der Spitze des zweiten Abschnitts geneigt ist.

5. Ultraschallwelleneinheit nach Anspruch 4, wobei dritte Abschnitte jeweiliger im Wesentlichen konzentrischer Ringe
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kleinere Längen haben, je weiter die jeweiligen im Wesentlichen konzentrischen Ringe von dem Mittenpunkt beab-
standet sind.

6. Ultraschallwelleneinheit nach Anspruch 5, wobei die Neigungen der jeweiligen dritten Abschnitte größer sind, je
weiter die im Wesentlichen konzentrischen Ringe radial von dem Mittenpunkt sind.

7. Ultraschallwelleneinheit nach Anspruch 1, wobei die Längen der ersten Abschnitte der jeweiligen der im Wesentlichen
konzentrischen Ringe kleiner sind als etwa fünf Wellenlängen der Ultraschallwelle.

8. Ultraschallwelleneinheit nach Anspruch 1, wobei der dritte Abschnitt entlang einer gekrümmten Bahn von dem
proximalen Ende des ersten Abschnitts weg zu der Spitze des zweiten Abschnitts geneigt ist.

9. Ultraschallwelleneinheit nach Anspruch 8, wobei:

sich jeweilige erste Abschnitte benachbarter im Wesentlichen konzentrischer Ringe entlang eines Radius r von
dem Mittenpunkt derart erstrecken, dass das distale Ende des ersten Abschnitts eines inneren der benachbarten
im Wesentlichen konzentrischen Ringe an dem proximalen Ende des ersten Abschnitts eines äußeren der
benachbarten im Wesentlichen konzentrischen Ringe endet, und
dritte Abschnitte jeweiliger im Wesentlichen konzentrischer Ringe gekrümmt sind, um im Wesentlichen jewei-
ligen Segmenten der folgenden Funktion von r zu entsprechen: 

wobei λf die Wellenlänge der Ultraschallwelle in einem Medium außerhalb der Linse ist, und F eine Entfernung
von einer Ebene ist, die durch die Spitzen der im Wesentlichen konzentrischen Ringe zu einem Brennpunkt
entlang einer senkrechten Achse zu der Ebene gemessen definiert ist.

10. Ultraschallwelleneinheit nach Anspruch 1, wobei die Linse eine Basis aufweist, die beabstandete erste und zweite
Flächen derart hat, dass die Basis im Wesentlichen eine Stärke zwischen der ersten und zweiten Fläche bildet, und
die im Wesentlichen konzentrischen Ringe auf der ersten Fläche der Basis derart angeordnet sind, dass sich die
zweiten Abschnitte der jeweiligen im Wesentlichen konzentrischen Ringe von der ersten Fläche der Basis weg von
der zweiten Fläche der Basis erstrecken.

Revendications

1. Unité d’onde ultrasonore comprenant :

un organe planaire ultrasonore plat (150) comprenant un réseau de transducteurs piézo-électriques disposés
entre des surfaces avant et arrière espacées, et utilisables pour produire une onde ultrasonore, présentant une
longueur d’onde λ, se propageant depuis la surface avant dans un sens sensiblement perpendiculaire à celle-
ci ; et
une lentille plate (100) en communication sonique avec la surface avant (152) de l’organe planaire ultrasonore
pour focaliser l’onde ultrasonore, la lentille comprenant une pluralité d’anneaux sensiblement concentriques
(104) disposés autour d’un point central, au moins l’un des anneaux présentant une coupe transversale sen-
siblement triangulaire définie par des première, deuxième et troisième sections, la première section s’étendant
depuis une extrémité proximale radialement éloignée du point central jusqu’à une extrémité distale, la deuxième
section s’étendant depuis l’extrémité distale de la première section sensiblement perpendiculairement à la
première section et se terminant à une crête, et la troisième section étant en pente lisse depuis l’extrémité
proximale de la première section jusqu’à la crête de la deuxième section, et dans laquelle les première, deuxième
et troisième sections ont des longueurs par rapport à la longueur d’onde de l’onde ultrasonore de sorte que (i)
des phases de l’onde ultrasonore soient sensiblement additives à un point focal situé à une distance F donnée
depuis un plan défini par les crêtes des anneaux sensiblement concentriques, telle que mesurée le long d’un
axe perpendiculaire à la lentille passant à travers le point central, et (ii) une énergie ultrasonore focalisée
agrégée ne soit pas prédite au point focal par une réfraction de la loi de Snell, dans laquelle
des premières sections d’anneaux sensiblement concentriques respectifs présentent des longueurs décrois-
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santes au fur et à mesure que les anneaux sensiblement concentriques s’éloignent radialement du point central,
et dans laquelle :

les premières sections respectives d’anneaux sensiblement concentriques adjacents s’étendent radiale-
ment depuis le point central de sorte que l’extrémité distale de la première section d’un anneau intérieur
des anneaux sensiblement concentriques adjacents se termine à l’extrémité proximale de la première
section d’un anneau extérieur des anneaux sensiblement concentriques adjacents ; et
des rayons, ri, s’étendant depuis le point central jusqu’à chacune des extrémités distales des premières
sections des anneaux sensiblement concentriques, respectent l’équation suivante : 

où i = 1, 2, 3, ..., et λf est la longueur d’onde de l’onde ultrasonore dans un milieu à l’extérieur de la lentille,
le milieu à l’extérieur de la lentille étant de l’eau ; et dans laquelle

des deuxièmes sections d’anneaux concentriques respectifs présentent des longueurs sensiblement égales ; et
des longueurs des deuxièmes sections respectives sont : 

où λf est la longueur d’onde de l’onde ultrasonore dans un milieu à l’extérieur de la lentille, le milieu étant de
l’eau, λlens est la longueur d’onde de l’onde sonore dans la lentille, et r est le rayon depuis le point central jusqu’à
l’extrémité distale de la première section de l’un des anneaux sensiblement concentriques.

2. Unité d’onde ultrasonore selon la revendication 1, dans laquelle la lentille est sensiblement constituée de polystyrène.

3. Unité d’onde ultrasonore selon la revendication 1, dans laquelle la lentille est sensiblement constituée de polystyrène
en cristaux.

4. Unité d’onde ultrasonore selon la revendication 1, dans laquelle la troisième section est en pente le long d’une
trajectoire sensiblement droite depuis l’extrémité proximale de la première section jusqu’à la crête de la deuxième
section.

5. Unité d’onde ultrasonore selon la revendication 4, dans laquelle des troisièmes sections d’anneaux sensiblement
concentriques respectifs présentent des longueurs décroissantes au fur et à mesure que les anneaux sensiblement
concentriques respectifs s’éloignent radialement du point central.

6. Unité d’onde ultrasonore selon la revendication 5, dans laquelle les pentes des troisièmes sections respectives
augmentent au fur et à mesure que les anneaux sensiblement concentriques s’éloignent radialement du point central.

7. Unité d’onde ultrasonore selon la revendication 1, dans laquelle les longueurs de premières sections d’anneaux
respectifs des anneaux sensiblement concentriques sont inférieures à environ cinq longueurs d’onde de l’onde
ultrasonore.

8. Unité d’onde ultrasonore selon la revendication 1, dans laquelle la troisième section est en pente le long d’une
trajectoire incurvée depuis l’extrémité proximale de la première section jusqu’à la crête de la deuxième section.

9. Unité d’onde ultrasonore selon la revendication 8, dans laquelle :

des premières sections respectives d’anneaux sensiblement concentriques adjacents s’étendent le long d’un
rayon, r, depuis le point central de sorte que l’extrémité distale de la première section d’un anneau intérieur des
anneaux sensiblement concentriques adjacents se termine à l’extrémité proximale de la première section d’un
anneau extérieur des anneaux sensiblement concentriques adjacents ; et
des troisièmes sections d’anneaux sensiblement concentriques respectifs sont incurvées pour correspondre
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sensiblement à des segments respectifs de la fonction suivante de r : 

où λf est la longueur d’onde de l’onde ultrasonore dans un milieu à l’extérieur de la lentille, et F est une distance
depuis un plan défini par les crêtes des anneaux sensiblement concentriques jusqu’à un point focal mesuré le
long d’un axe normal au plan.

10. Unité d’onde ultrasonore selon la revendication 1, dans laquelle la lentille comprend une base comportant des
première et deuxième surfaces espacées de sorte que la base ait une épaisseur sensiblement uniforme entre les
première et deuxième surfaces, et les anneaux sensiblement concentriques sont disposés sur la première surface
de la base de sorte que les deuxièmes sections des anneaux sensiblement concentriques respectifs s’étendent de
la première surface de la base en s’éloignant de la deuxième surface de la base.
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声波的相位在位于焦点处基本上是相加的在垂直于透镜穿过中心点的轴
上，以及（ii）聚焦的聚焦超声能量将不会在焦点处由Sn预测ell的法律折
射。
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