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Description
FIELD OF THE INVENTION

[0001] The present invention relates to a method for
making a surgical device. More particularly, it relates to
a method for making a tissue ablation transducer having
a plurality of helical elements that can be operated out
of phase to orient the acoustical energy beam forward or
backward in the longitudinal direction.

BACKGROUND OF THE INVENTION

[0002] Many local energy delivery devices and meth-
ods have been developed for treating the various abnor-
mal tissue conditions in the body, and particularly for
treating abnormal tissue along body space walls that de-
fine various body spaces in the body. For example, var-
ious devices have been disclosed with the primary pur-
pose of treating or recanalizing atherosclerotic vessels
with localized energy delivery. Several prior devices and
methods combine energy delivery assemblies in combi-
nation with cardiovascular stent devices in orderto locally
deliver energy to tissue in order to maintain patency in
diseased lumens such as blood vessels. Endometriosis,
another abnormal wall tissue condition that is associated
with the endometrial cavity and is characterized by dan-
gerously proliferative uterine wall tissue along the surface
of the endometrial cavity, has also been treated by local
energy delivery devices and methods. Several other de-
vices and methods have also been disclosed which use
catheter-based heat sources for the intended purpose of
inducing thrombosis and controlling hemorrhaging within
certain body lumens such as vessels. Detailed examples
of local energy delivery devices and related procedures
such as those of the types described above are disclosed
in the following references: U.S. Pat. No. 4,672,962 to
Hershenson; U.S. Pat. No. 4,676,258 to InoKuchi et al.;
U.S. Pat. No. 4,790,311 to Ruiz; U.S. Pat. No. 4,807,620
to Strul et al.; U.S. Pat. No. 4,998,933 to Eggers et al ;
U.S. Pat. No. 5,035,694 to Kasprzyk et al.; U.S. Pat. No.
5,190,540 to Lee; U.S. Pat. No. 5,226,430 to Spears et
al.; and U.S. Pat. No. 5,292,321 to Lee; U.S. Pat. No.
5,449,380 to Chin; U.S. Pat. No. 5,505,730 to Edwards;
U.S. Pat. No. 5,558,672 to Edwards et al.; and U.S. Pat.
No. 5,562,720 to Stem et al.; U.S. Pat. No. 4,449,528 to
Auth et al.; U.S. Pat. No. 4,522,205 to Taylor et al.; and
U.S. Pat. No. 4,662,368 to Hussein et al.; U.S. Pat. No.
5,078,736 to Behl; and U.S. Pat. No. 5,178,618 to
Kandarpa.

[0003] Other prior devices and methods electrically
couple fluid to an ablation element during local energy
delivery for treatment of abnormal tissues. Some such
devices couple the fluid to the ablation element for the
primary purpose of controlling the temperature of the el-
ement during the energy delivery. Other such devices
couple the fluid more directly to the tissue-device inter-
face either as another temperature control mechanism
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or in certain other known applications as a carrier or me-
dium for the localized energy delivery. Detailed examples
of ablation devices that use fluid to assist in electrically
coupling electrodes to tissue are disclosed in the follow-
ing references: U.S. Pat. No. 5,348,554 to Imran et al;
U.S. Pat. No. 5,423,811 to Imran et al.; U.S. Pat. No.
5,505,730 to Edwards; U.S. Pat. No. 5,545,161 to Imran
et al.; U.S. Pat. No. 5,558,672 to Edwards et al.; U.S.
Pat. No. 5,569,241 to Edwards; U.S. Pat. No. 5,575,788
to Baker et al.; U.S. Pat. No. 5,658,278 to Imran et al.;
U.S. Pat. No. 5,688,267 to Panescu et al.; U.S. Pat. No.
5,697,927 to Imran et al.; U.S. Pat. No. 5,722,403 to Mc-
Gee etal.; U.S. Pat. No. 5,769,846; and PCT Patent Ap-
plication Publication No. WO 97/32525 to Pomeranz et
al.; and PCT Patent Application Publication No. WO
98/02201 to Pomeranz et al. Atrial Fibrillation.

[0004] Cardiac arrhythmias, and atrial fibrillation in
particular, persist as common and dangerous medical
aliments associated with abnormal cardiac chamber wall
tissue, and are often observed in elderly patients. In pa-
tients with cardiac arrhythmia, abnormal regions of car-
diac tissue do not follow the synchronous beating cycle
associated with normally conductive tissue in patients
with sinus rhythm. Instead, the abnormal regions of car-
diac tissue aberrantly conduct to adjacenttissue, thereby
disrupting the cardiac cycle into an asynchronous cardiac
rhythm. Such abnormal conduction is known to occur at
various regions of the heart, such as, for example, in the
region of the sino-atrial (SA) node, along the conduction
pathways of the atrioventricular (AV) node and the Bun-
dle of His, or in the cardiac muscle tissue forming the
walls of the ventricular and atrial cardiac chambers.
[0005] Cardiac arrhythmias, including atrial arrhyth-
mia, may be of a multiwavelet reentrant type, character-
ized by multiple asynchronous loops of electrical impuls-
es that are scattered about the atrial chamber and are
often self-propagating. In the alternative or in addition to
the multiwavelet reentrant type, cardiac arrhythmias may
also have a focal origin, such as when an isolated region
of tissue in an atrium fires autonomously in a rapid, re-
petitive fashion. Cardiac arrhythmias, including atrial fi-
brillation, may be generally detected using the global
technique of an electrocardiogram (EKG). More sensitive
procedures of mapping the specific conduction along the
cardiac chambers have also been disclosed, such as, for
example, in U.S. Pat. No. 4,641,649 to Walinsky et al.
and in PCT Patent Application Publication No. WO
96/32897 to Desai.

[0006] A host of clinical conditions can result from the
irregular cardiac function and resulting hemodynamic ab-
normalities associated with atrial fibrillation, including
stroke, heart failure, and other thromboembolic events.
In fact, atrial fibrillation is believed to be a significant
cause of cerebral stroke, wherein the abnormal hemo-
dynamics in the left atrium caused by the fibrillatory wall
motion precipitate the formation of thrombus within the
atrial chamber. A thromboembolism is ultimately dis-
lodged into the left ventricle that thereafter pumps the
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embolism into the cerebral circulation where a stroke re-
sults. Accordingly, numerous procedures for treating atri-
al arrhythmias have been developed, including pharma-
cological, surgical, and catheter ablation procedures.
[0007] Several pharmacological approaches intended
toremedy or otherwise treat atrial arrhythmias have been
disclosed, such as, for example, those approaches dis-
closed in the following references: U.S. Pat. No.
4,673,563 to Berne et al.; U.S. Pat. No. 4,569,801 to Mol-
loy et al.; and "Current Management of Arrhythmias"
(1991) by Hindricks, et al. Such pharmacological solu-
tions, however, are not generally believed to be entirely
effective in many cases, and are even believed in some
cases to resultin proarrhythmia and long term inefficacy.
[0008] Several surgical approaches have also been
developed with the intention of treating atrial fibrillation.
One particular example is known as the "maze proce-
dure," as is disclosed by Cox, J. L. et al. in "The surgical
treatment of atrial fibrillation. I. Summary" Thoracic and
Cardiovascular Surgery 101(3), pp. 402-405 (1991); and
also by Cox, J L in "The surgical treatment of atrial fibril-
lation. IV. Surgical Technique", Thoracic and Cardiovas-
cular Surgery 101(4), pp. 584-592 (1991). In general, the
"maze" procedure is designed to relieve atrial arrhythmia
by restoring effective atrial systole and sinus node control
through a prescribed pattern of incisions about the tissue
wall. Inthe early clinical experiences reported, the "maze"
procedure included surgical incisions in both the right
and the left atrial chambers. However, more recent re-
ports predict that the surgical "maze" procedure may be
substantially efficacious when performed only in the left
atrium. See Sueda et al., "Simple Left Atrial Procedure
for Chronic Atrial Fibrillation Associated With Mitral Valve
Disease" (1996).

[0009] The "maze procedure" as performed in the left
atrium generally includes forming vertical incisions from
the two superior pulmonary veins and terminating in the
region of the mitral valve annulus, traversing the region
of the inferior pulmonary veins en route. An additional
horizontal line also connects the superior ends of the two
vertical incisions. Thus, the atrial wall region bordered
by the pulmonary vein ostia is isolated from the other
atrial tissue. In this process, the mechanical sectioning
of atrial tissue eliminates the arrhythmogenic conduction
from the boxed region of the pulmonary veins to the rest
of the atrium by creating conduction blocks within the
aberrant electrical conduction pathways. Other varia-
tions or modifications of this specific pattern just de-
scribed have also been disclosed, all sharing the primary
purpose of isolating known or suspected regions of ar-
rhythmogenic origin or propagation along the atrial wall.
[0010] While the "maze" procedure and its variations
as reported by Dr. Cox and others have met some suc-
cess in treating patients with atrial arrhythmia, its highly
invasive methodology is believed to be prohibitive in most
cases. However, these procedures have provided a guid-
ing principle that electrically isolating faulty cardiac tissue
may successfully prevent atrial arrhythmia, and particu-
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larly atrial fibrillation caused by arrhythmogenic conduc-
tion arising from the region of the pulmonary veins.
[0011] Less invasive catheter-based approaches to
treat atrial fibrillation have been disclosed which imple-
ment cardiac tissue ablation for terminating arrhyth-
mogenic conduction in the atria. Examples of such cath-
eter-based devices and treatment methods have gener-
ally targeted atrial segmentation with ablation catheter
devices and methods adapted to form linear or curvilinear
lesions in the wall tissue that defines the atrial chambers.
Some specifically disclosed approaches provide specific
ablation elements that are linear over a defined length
intended to engage the tissue for creating the linear le-
sion. Other disclosed approaches provide shaped or
steerable guiding sheaths, or sheaths within sheaths, for
the intended purpose of directing tip ablation catheters
toward the posterior left atrial wall such that sequential
ablations along the predetermined path of tissue may
create the desired lesion. In addition, various energy de-
livery modalities have been disclosed for forming atrial
wall lesions, and include use of microwave, laser, ultra-
sound, thermal conduction, and more commonly, radiof-
requency energies to create conduction blocks along the
cardiac tissue wall.

[0012] Detailed examples of ablation device assem-
blies and methods for creating lesions along an atrial wall
are disclosed in the following U.S. Patent references:
U.S. Pat. No. 4,898,591 to Jang et al.; U.S. Pat. No.
5,104,393 to Isner et al.; U.S. Pat. Nos. 5,427,119;
5,487,385 to Avitall; U.S. Pat. No. 5,497,119 to Swartz
et al.; U.S. Pat. No. 5,545,193 to Fleischman et al.; U.S.
Pat. No. 5,549,661 to Kordis et al.; U.S. Pat. No.
5,575,810 to Swanson et al.; U.S. Pat. No. 5,564,440 to
Swartz et al.; U.S. Pat. No. 5,592,609 to Swanson et al.
: U.S. Pat. No. 5,575,766 to Swartz et al.; U.S. Pat. No.
5,582,609 to Swanson; U.S. Pat. No. 5,617,854 to Mun-
sif; U.S. Pat. No 5,687,723 to Avitall; U.S. Pat. No.
5,702,438 to Avitall. Other examples of such ablation de-
vices and methods are disclosed in the following PCT
Patent Application Publication Nos.: WO 93/20767 to
Stem et al.; WO 94/21165 to Kordis et al.; WO 96/10961
to Fleischman et al.; WO 96/26675 to Klein et al.; and
WO 97/37607 to Schaer. Additional examples of such
ablation devices and methods are disclosed in the fol-
lowing published articles: "Physics and Engineering of
Transcatheter Tissue Ablation". Avitall et al., Journal of
American College of Cardiology, Volume 22, No. 3:
921-932 (1993); and "Right and Left Atrial Radiofrequen-
cy Catheter Therapy of Paroxysmal Atrial Fibrillation,"
Haissaguerre, et al., Journal of Cardiovascular Electro-
physiology 7(12), pp. 1132-1144 (1996).

[0013] In addition to those known assemblies summa-
rized above, additional tissue ablation device assemblies
have been recently developed for the specific purpose
of ensuring firm contact and consistent positioning of a
linear ablation element along a length of tissue by an-
choring the element at least at one predetermined loca-
tion along that length, such as in order to form a "maze"-
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type lesion patternin the left atrium. One example of such
assemblies is that disclosed in U.S. Pat. No. 5,971,983,
issued Oct. 26, 1999. The assembly includes an anchor
at each of two ends of a linear ablation element in order
to secure those ends to each of two predetermined loca-
tions along a left atrial wall, such as at two adjacent pul-
monary veins, so that tissue may be ablated along the
length of tissue extending there between.

[0014] In addition to attempting atrial wall segmenta-
tion with long linear lesions for treating atrial arrhythmia,
other ablation device and method have also been dis-
closed which are intended to use expandable members
such as balloons to ablate cardiac tissue. Some such
devices have been disclosed primarily for use in ablating
tissue wall regions along the cardiac chambers. Other
devices and methods have been disclosed for treating
abnormal conduction of the left-sided accessory path-
ways, and in particular associated with "Wolff-Parkinson-
White" syndrome-various such disclosures use a balloon
forablating from within aregion of an associated coronary
sinus adjacent to the desired cardiac tissue to ablate.
Further more detailed examples of devices and methods
such as of the types just described are variously dis-
closed in the following published references: Fram et al.,
in "Feasibility of RF Powered Thermal Balloon Ablation
of Atrioventricular Bypass Tracts via the Coronary Sinus:
In vivo Canine Studies," PACE, Vol. 18, p 1518-1530
(1995); "Long-term effects of percutaneous laser balloon
ablation 7 from the canine coronary sinus", Schuger CD
etal., Circulation (1992) 86:947-954; and "Percutaneous
laser balloon coagulation of accessory pathways", Mc-
Math L P et al., Diagn Ther Cardiovasc Interven 1991;
1425:165-171.

Arrhythmias Originating from Foci in Pulmonary Veins

[0015] Various modes of atrial fibrillation have also
been observed to be focal in nature, caused by the rapid
and repetitive firing of an isolated center within cardiac
muscle tissue associated with the atrium. Such foci may
act as either a trigger of atrial fibrillatory paroxysmal or
may even sustain the fibrillation. Various disclosures
have suggested that focal atrial arrhythmia often origi-
nates from at least one tissue region along one or more
of the pulmonary veins of the left atrium, and even more
particularly in the superior pulmonary veins.

[0016] Less-invasive percutaneous catheter ablation
techniques have been disclosed which use end-elec-
trode catheter designs with the intention of ablating and
thereby treating focal arrhythmias in the pulmonary veins.
These ablation procedures are typically characterized by
the incremental application of electrical energy to the tis-
sue to form focal lesions designed to terminate the inap-
propriate arrhythmogenic conduction.

[0017] One example of a focal ablation method intend-
ed to treat focal arrhythmia originating from a pulmonary
vein is disclosed by Haissaguerre, et al. in "Right and
Left Atrial Radiofrequency Catheter Therapy of Paroxys-
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mal Atrial Fibrillation" in Journal of Cardiovascular Elec-
trophysiology 7(12), pp. 1132-1144 (1996). Haissa-
guerre, et al. discloses radiofrequency catheter ablation
of dug-refractory paroxysmal atrial fibrillation using linear
atrial lesions complemented by focal ablation targeted at
arrhythmogenic foci in a screened patient population.
The site of the arrhythmogenic foci were generally locat-
ed just inside the superior pulmonary vein, and the focal
ablations were generally performed using a standard 4
mm tip single ablation electrode.

[0018] Another focal ablation method of treating atrial
arrhythmias is disclosed in Jais et al., "A focal source of
atrial fibrillation treated by discrete radiofrequency abla-
tion," Circulation 95:572-576 (1997). Jais et al. discloses
treating patients with paroxysmal arrhythmias originating
from a focal source by ablating that source. At the site of
arrhythmogenic tissue, in both right and left atria, several
pulses of a discrete source of radiofrequency energy
were applied in order to eliminate the fibrillatory process.
[0019] Other assemblies and methods have been dis-
closed addressing focal sources of arrhythmia in pulmo-
nary veins by ablating circumferential regions of tissue
either along the pulmonary vein, at the ostium of the vein
along the atrial wall, or encircling the ostium and along
the atrial wall. More detailed examples of device assem-
blies and methods for treating focal arrhythmia as just
described are disclosed in PCT Patent Application Pub-
lication No. WO 99/02096 to Diederich et al., and also in
the following pending U.S. patent and patent applica-
tions: U.S. Pat. No. 6,024,740, issued on Feb. 15, 2000
to Michael D. Lesh et al., for "Circumferential Ablation
Device Assembly"; U.S. Pat. No. 6,012,457, issued on
Jan. 11, 2000 to Michael D. Lesh, for "Device and Method
for Forming a Circumferential Conduction Block in a Pul-
monary Vein"; U.S. Pat. No. 6,117,101 issued on Sept.
12, 2000 to Chris J. Diederich et al., for "Circumferential
Ablation Device Assembly"; and U.S. Ser. No.
09/260,316 for "Device and Method for Forming a Cir-
cumferential Conduction Block in a Pulmonary Vein" to
Michael D. Lesh.

[0020] Another specific device assembly and method
which is intended to treat focal atrial fibrillation by ablating
a circumferential region of tissue between two seals in
order to form a conduction block to isolate an arrhyth-
mogenic focus within a pulmonary vein is disclosed in
U.S. Pat. No. 5,938,660 and a related PCT Patent Ap-
plication Publication No. WO 99/00064.

[0021] US patent no. 4135109 discloses a cylindrical
transducer for providing an omnidirectional beam pattern
in one plane and a line radiation pattern in planes normal
to the omnidirectional pattern.

SUMMARY OF THE INVENTION

[0022] The presentinvention in accordance with claim
1 relates to a method for making a device assembly and
tissue ablation transducer having a plurality of helical el-
ements that can be operated out of phase to orient the
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acoustical energy beam forward or backward in the lon-
gitudinal direction. In one embodiment of the invention
the method for making a piezoelectric transducer com-
prises first providing a ceramic material blank, and ma-
chining the blank into a tubular configuration. The ceram-
ic tube is coated with a metallic layer. The metal coated
ceramic tube is then machined to form an inner electrode
and a series of helically intertwined outer electrodes,
each outer electrode being associated with a transducer
segment. The ceramic material is transformed into a pi-
ezoelectric crystal, thus forming a transducer with a se-
ries of intertwined individual helical transducer seg-
ments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023]

Figure 1A is a perspective representation showing
an example of a circular ablation path.

Figure 1B is a perspective representation showing
an example of an elliptical ablation path.

Figure 1C is a perspective representation showing
an example of an irregular ablation path.

Figure 1D is a perspective representation showing
an example of a stepped ablation path.

Figure 2A is a perspective view showing an ablation
catheter operably connected to an ablation control
system and a position sensing system according to
one embodiment of the present invention. An ex-
pandable member of the catheter is illustrated in an
expanded state.

Figure 2B is a perspective view showing the details
of an ablation member in the expanded state at a
distal end of the ablation catheter of Figure 2A ac-
cording to one embodiment of the present invention.
Figure 3Ais atransverse cross-section view showing
the construction of a typical prior art cylindrical ultra-
sonic transducer having inner and outer electrodes.
Figure 3B is a perspective view of a typical prior art
ultrasound transducer in isolation, showing the elec-
trical leads coupled to the transducer.

Figure 3C is a perspective view of a prior art ultra-
sound transducer with individually driven sectors.
Figure 3D is a side view of a prior art ablation catheter
showing the collimated radial acoustical energy
beam paths when the ablation device is place in a
body lumen, such as a pulmonary vein.

Figure 3E is a side view of a prior art ablation catheter
showing the collimated radial acoustical energy
beam paths when the ablation device is placed at
the juncture between a body lumen and a body cav-
ity, such as a pulmonary vein ostium.

Figure 4A is a perspective view showing the con-
struction of a transducer sectioned into a spiral array
of ultrasonic transducer segments according to one
embodiment of the present invention.

Figure 4B is a side view showing the construction of
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atransducer sectioned into a spiral array of ultrason-
ic transducer segments according to one embodi-
ment of the present invention.

Figure 4C is an end view showing the construction
of a transducer sectioned into a spiral array of ultra-
sonic transducer segments according to one embod-
iment of the present invention.

Figure 5A is a section view showing the construction
of a transducer segmented by intertwined individual
helical elements essentially into an array of function-
ally discrete transducer segments according to one
embodiment of the present invention.

Figure 5B is a close-up section view showing the
construction of a transducer segmented by inter-
twined individual helical elements essentially into an
array of functionally discrete transducer segments
according to one embodiment of the present inven-
tion.

Figure 6A is a section view showing the construction
of a transducer having grooves extending through
the outer electrode and into the cylindrical piezoe-
lectric material according to one embodiment of the
present invention.

Figure 6B is a close-up section view showing the
construction of a transducer having grooves extend-
ing through the outer electrode and into the cylindri-
cal piezoelectric material according to one embodi-
ment of the present invention.

Figure 7A is a schematic representation illustrating
a fixed phase delay for sinusoidal input signals driv-
ing an array of transducers segments according to
one embodiment of the present invention.

Figure 7B is a schematic representation illustrating
the resultant cumulative acoustic energy beams em-
anating from each of the plurality of transducer ele-
ments when driven at different frequencies accord-
ing to one embodiment of the present invention.
Figure 7C is a side view of an ablation catheter show-
ing the acoustical energy beam paths projected at
an angle relative to the transducer longitudinal axis
when the ablation device is placed at the juncture
between a body lumen and a body cavity, such as a
pulmonary vein ostium.

Figure 8 is a flow diagram illustrating the method for
making a transducer having a plurality of helical
transducer elements according to one embodiment
of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
Definitions of Terms

[0024] The following terms will have the following
meanings throughout this specification.

[0025] The terms "body space," including derivatives
thereof, is herein intended to mean any cavity or lumen
within the body that is defined at least in part by a tissue
wall. For example, the cardiac chambers, the uterus, the
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regions of the gastrointestinal tract, and the arterial or
venous vessels are all considered illustrative examples
of body spaces within the intended meaning.

[0026] The terms "circumference" or "circumferential”,
including derivatives thereof, as used herein include a
continuous path or line that forms an outer border or pe-
rimeter that surrounds and thereby defines an enclosed
region of space. Such a continuous path starts at one
location along the outer border or perimeter, and trans-
lates along the outer border or perimeter until it is com-
pleted at the original starting location to enclose the de-
fined region of space. The related term "circumscribe,"
including derivatives thereof, as used herein includes a
surface to enclose, surround, or encompass a defined
region of space. Therefore, a continuous line which is
traced around a region of space and which starts and
ends at substantially the same location "circumscribes"
the region of space and has a "circumference" which in-
cludes the distance the line travels as it translates along
the path circumscribing the space.

[0027] Sitill further, a circumferential path or element
may include one or more of several shapes, and may be
for example circular, oblong, ovular, elliptical, or other-
wise planar enclosures. A circumferential path may also
be three dimensional, such as for example two opposite-
facing semi-circular paths in two different parallel or off-
axis planes that are connected at their ends by line seg-
ments bridging between the planes.

[0028] For purpose of further illustration and example,
Figures 1A-1D show circumferential paths 160, 162, 164,
and 166, respectively. Each path 160, 162, 164, 166
translates along a portion of a body space, for example
a pulmonary vein wall, and circumscribes a defined re-
gion of space, shown at 161, 163, 165, and 167, respec-
tively, each circumscribed region of space being a portion
of the body space. However, the circumferential path
does not necessarily have to be translate along a tubular
structure as shown, and other geometric structures are
also contemplated, such as along the atrial wall in the
atrium of a heart.

[0029] Theterm "transect", including derivatives there-
of, as used herein includes a way to divide or separate
a region of space into isolated regions. Thus, each of the
regions circumscribed by the circumferential paths
shown in Figures 1A-D transects the respective body
space, for example the pulmonary vein, including its lu-
men and its wall, to the extent that the respective body
space is divided into a first longitudinal region located on
one side of the transecting region, shown for example at
region "X" in Figure 1A, and a second longitudinal region
on the other side of the transecting plane, shown for ex-
ample atregion"Y" also in Figure 1A. Similarly, a circum-
ferential path along other structures, such as the atrial
wall around the pulmonary vein ostium will transect the
pulmonary vein from the atrium.

[0030] Therefore, a "circumferential conduction block"
according to the present invention is formed along a re-
gion of tissue that follows a circumferential path, circum-
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scribing the tissue region and transecting the region of
tissue relative to electrical conduction along the circum-
ferential path. By way of example, the transecting cir-
cumferential conduction block therefore isolates electri-
cal conduction between the left atrium and a pulmonary
vein.

[0031] The terms "ablate" or "ablation," including de-
rivatives thereof, are hereafter intended to include the
substantial altering of the mechanical, electrical, chemi-
cal, or other structural nature of tissue. In the context of
ablation applications shown and described with refer-
ence to the variations of the illustrative device below,
"ablation" is intended to include sufficient altering of tis-
sue properties to substantially block conduction of elec-
trical signals from or through the ablated cardiac tissue.
[0032] The term "element" within the context of "abla-
tion element" is herein intended to include a discrete el-
ement, such as an ultrasonic transducer, or a plurality of
discrete elements, such as a plurality of spaced ultrason-
ic transducers, which are positioned so as to collectively
ablate a region of tissue.

[0033] Therefore, an "ablation element" according to
the defined terms can include a variety of specific struc-
tures adapted to ablate a defined region of tissue. For
example, one suitable ablation element for use in the
presentinvention may be formed, according to the teach-
ings ofthe embodiments below, from an "energy emitting"
type of structure which is adapted to emit energy suffi-
cient to ablate tissue when coupled to and energized by
an energy source. One particular suitable "energy emit-
ting" ablation element for use in the present invention
may therefore include, for example an ultrasonic element
such as an ultrasound crystal element which is adapted
to emit ultrasonic sound waves sufficient to ablate tissue
when coupled to a suitable excitation source.

Embodiments of the Invention

[0034] The following describes ablation devices of a
medical device system. The disclosed devices may in-
clude a position monitoring system that allows a clinician
to precisely locate a distal end of the medical device with-
in a body space by using feedback information provided
by the system. Such feedback information is indicative
of the position of the distal end of the medical device
within the body space. The following devices of the po-
sition monitoring system are particularly well suited for
applications involving positioning an ablation member at
an area where a pulmonary vein extends from a left atri-
um and relative to a targeted circumferential region of
tissue within the area, and therefore these devices are
described in this context. Various aspects of the present
invention, however, can be readily adapted by those
skilled in the art for applications involving positioning
medical articles within other body spaces.

[0035] Inthe contextoftheillustrative application, cath-
eter-based cardiac arrhythmia therapies generally in-
volve introducing an ablation catheter into a cardiac
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chamber, such as in a percutaneous transluminal proce-
dure, wherein an ablation element on the catheter’s distal
end portion is positioned at or adjacent to the aberrant
conductive tissue. The ablation element is used to ablate
the targeted tissue thereby creating a lesion.

[0036] Figure 2A shows an exemplary ablation cathe-
ter assembly 100 operably connected through an elec-
trical connector 112 to an ablation control system 118.
The catheter assembly 100 includes an elongated deliv-
ery member 102 with a proximal end portion 104 and a
distal end portion 106. The distal end portion 106 sup-
ports an ablation member 128 including an ablation ele-
ment 120 and an anchor mechanism 108. In one pre-
ferred embodiment (illustrated in Figure 2A), the anchor
mechanism 108 is an expandable member. The expand-
able member can also include a sensor 109 that is ex-
plained below.

[0037] The delivery member 102 desirably includes a
plurality of lumens (some of which areillustrated in Figure
2B). Various wires and electrical leads are routed to the
distal end portion 106 through at least some of these
lumens. In a preferred device, these lumens generally
run the length of the delivery member 102; however, for
some applications, the lumens can be shorter. In one
example, a guidewire 110 runs through a lumen in the
delivery member 102 from the proximal end portion 104
to the distal end portion 106. The proximal end portion
104 also connects through a tube 113 to a screw con-
nector 114. By introducing fluid into the tube 113 through
the screw connector 114, a physician can inflate the ex-
pandable member 108, as known in the art.

[0038] In some modes of the catheter assembly, as
seen in Figure 2B, the delivery member 102 includes a
distal port 121, which is distal to an ablation member 128.
In addition, there is a proximal port 122, which is provided
proximal of the ablation member 128. The proximal port
122 connects to a proximal port lumen 123, and the distal
port 121 connects to a distal port lumen 124. The distal
port 121 allows the clinician to introduce fluids into the
patient, take fluid samples from the patient, and take fluid
pressure reading on the distal side of the ablation mem-
ber 128. Similarly, the proximal port 122 allows the clini-
cian to introduce fluids into the patient, take fluid samples
from the patient, and take fluid pressure reading on the
proximal side of the ablation member 128. These ports
121, 122 and lumens 123 and 124 are particularly useful
when pressure or X-ray positioning techniques are em-
ployed, as explained below; however, the catheter as-
sembly 100 need not include such ports and lumens
when only an A-mode or Doppler position monitoring sys-
tem is used with the catheter assembly.

[0039] In the illustrated device, the delivery member
102 also includes a guidewire lumen 125 that is sized to
track over the guidewire 110. The lumen 125 terminates
at a distal port 127 located on the distal end 106 of the
delivery member 102.

[0040] When constructed for use in transeptal left atrial
ablation procedures, the delivery member 102 desirably
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has an outer diameter provide within the range of from
about 1.5 mm (5 French) to about 3mm (10 French), and
more preferably from about 2,1 mm (7 French) to about
12.7 mm (9 French). The guidewire lumen 125 preferably
is adapted to slideably receive guidewires ranging from
about 0.25mm (0.010 inch) to about 0.97 mm (0.038 inch
in diameter, and preferably is adapted for use with
guidewires ranging from about 0.46 mm (0.018 inch) to
about 0.89 mm (0.035 inch) in diameter. Where a 0.89
nm (0.035 inch) guidewire is to be used the guidewire
lumen 125 preferably has an inner diameter of 1.0mm
(0.040 inch) to about 1.1 mm (0.042 inch). In addition,
where the delivery member 102 includes an inflation lu-
men 130 for use with an inflatable balloon (a preferred
form of the expandable member 108), the inflation lumen
130 preferably has an inner diameter of about 0.51 mm
(0.020 inch) in order to allow for rapid deflation times,
although this may vary based upon the viscosity of infla-
tion medium used, length of the lumen 130, and other
dynamic factors relating to fluid flow and pressure.
[0041] Inadditionto providing the requisite lumens and
support for the ablation member 128, the delivery mem-
ber 102 for the illustrative application also is adapted to
be introduced into the left atrium such that the distal end
portion 106 can be placed within the pulmonary vein os-
tium in a percutaneous translumenal procedure, and
even more preferably in a transeptal procedure as oth-
erwise herein provided. Therefore, the distal end portion
106 is preferably flexible and adapted to track over and
along a guidewire seated within the targeted pulmonary
vein.

[0042] In a further construction, the proximal end por-
tion 104 is adapted to be at least 30% more stiff than the
distal end portion 106. According to this relationship, the
proximal end portion 104 may be suitably adapted to pro-
vide push transmission to the distal end portion 106 while
the distal end portion 106 is suitably adapted to track
through bending anatomy during in vivo delivery of the
distal end portion 106 of the device into the desired ab-
lation region.

[0043] Notwithstanding the specific device construc-
tions just described, other delivery mechanisms for de-
livering the ablation member 128 to the desired ablation
region are also contemplated. For example, while the
Figure 2A variation is shown as an "over-the-wire" cath-
eter construction, other guidewire tracking designs are
suitable substitutes, such as, for example, catheter de-
vices that are known as "rapid exchange" or "monorail"
variations, wherein the guidewire is only housed coaxially
within a lumen of the catheter in the distal region of the
catheter. In another example, a deflectable tip design
may also be a suitable substitute to independently select
a desired pulmonary vein and direct the transducer as-
sembly into the desired location for ablation. Further to
this latter variation, the guidewire lumen and guidewire
of the variation depicted in Figure 2A may be replaced
with a "pullwire" lumen and associated fixed pullwire
which is adapted to deflect the catheter tip by applying
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tension along varied stiffness transitions along the cath-
eter’s length. Still further to this pullwire variation, accept-
able pullwires may have a diameter within the range from
(about 0.20 mm (0.008 inch) to about 0.51 mm (0.020
inch), and may further include a taper, such as, for ex-
ample, a tapered outer diameter from about 0.51 mm
(0.020 inch) to about 0.20 mm (0.008 inch).

[0044] As discussed above, the distal end portion 106
of the delivery member supports an ablation member
128. The ablation member 128 includes an expandable
member 108 and an ablation element 120. The expand-
able member 108 cooperates with the ablation element
120 to position and anchor the ablation element 120 rel-
ative to a circumferential region of tissue. Regions of tis-
sue targeted for ablation may include, for example, a lo-
cation where a pulmonary vein extends from the left atri-
um, including the back atrial wall of the left atrium, the
pulmonary vein ostium or the pulmonary vein.

[0045] In the illustrated device, the expandable mem-
ber 108 is an inflatable balloon. The balloon has a diam-
eter in a collapsed state roughly the same as the outer
diameter of the delivery member distal end portion 106.
The balloon 108 can be expanded to adiameter generally
matching the diameter of the circumferential region of
tissue, and may be expandable to a plurality of expanded
positions in order to work with pulmonary vein ostia
and/or pulmonary veins of various sizes. Itis understood,
however, that the ablation catheter assembly can also
include other types of expandable members, such as, for
example baskets, cages and like expandable structures.
[0046] The expandable balloon 108 may be construct-
ed from a variety of known materials, although the balloon
preferably is adapted to conform to the contour of a pul-
monary vein ostium and/or pulmonary vein lumenal wall.
For this purpose, the balloon material can be of the highly
compliant variety, such that the material elongates upon
application of pressure and takes on the shape of the
body lumen or space when fully inflated. Suitable balloon
materials include elastomers, such as, for example, but
without limitation, silicone, latex, or low durometer poly-
urethane (for example a durometer of about 80 A).
[0047] In addition, or in the alternative to constructing
the balloon of highly compliant material, the balloon can
be formed to have a predefined fully inflated shape (i.e.,
be preshaped) to generally match the anatomic shape
of the body lumen in which the balloon is inflated. For
instance, the balloon can have a distally tapering shape
to generally match the shape of a pulmonary vein ostium,
and/or can include a bulbous proximal end to generally
match a transition region of the atrium posterior wall ad-
jacent to the pulmonary vein ostium. In this manner, the
desired seating within the irregular geometry of a pulmo-
nary vein or vein ostium can be achieved with both com-
pliant and non-compliant balloon variations.

[0048] Notwithstanding the alternatives which may be
acceptable as just described, the balloon is preferably
constructed to exhibit at least 300% expansion at 3 at-
mospheres of pressure, and more preferably to exhibit
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at least 400% expansion at that pressure. The term "ex-
pansion" is herein intended to mean the balloon outer
diameter after pressurization divided by the balloon inner
diameter before pressurization, wherein the ballooninner
diameter before pressurization is taken after the balloon
is substantially filled with fluid in a taut configuration. In
other words, "expansion" is herein intended to relate to
the change in diameter that is attributable to the material
compliance in a stress/strain relationship. In one more
detailed construction, which is believed to be suitable for
use in most conduction block procedures in the region
of the pulmonary veins, the balloon is adapted to expand
under a normal range of pressure such that its outer di-
ameter may be adjusted from a radially collapsed position
of about 5 millimeters to a radially expanded position of
about 2.5 centimeters (or approximately 500% expan-
sion).

[0049] The ablation element 120 cooperates with the
expandable member 108 such that the ablation element
120 is held in a generally fixed position relative to the
target circumferential region of tissue. The ablation ele-
ment can be located outside or inside the expandable
member, or can be located at least partially outside the
expandable member. The ablation element, in some
forms, alsoincludes a portion of the expandable member.
For instance, the ablation catheter assembly in Figures
2A and 2B includes an ultrasonic transducer located with-
in the expandable member 108. In one device, the ultra-
sonic transducer excites a portion of the expandable
member 108 during ablation. The specific construction
of the ultrasonic transducer and the associated construc-
tion of the delivery member shaft that supports the trans-
ducer, is described below.

[0050] Figure 2B shows details of the distal end portion
106 of the catheter assembly 100 and, in particular,
shows the ablation element 120 located circumferentially
about an axial centerline of the delivery member 102. A
plurality of wires 129 connect the ablation element 120
to a connector 112 at the proximal end of the catheter
(shown in Figure 2A). The connector 112 is coupled to a
corresponding cable of the ablation control system 118.
If the ablation element 120 includes more than one elec-
trode, the conductor lead can connect to all of the elec-
trodes or energy sources, or separate conductors can be
used so as to allow for independent control of each elec-
trode or energy source under some modes of operation.
[0051] A cross-section view showing construction of a
typical single cylindrical ultrasonic transducer 300 having
a cylindrical inner electrode 302, a cylindrical outer elec-
trode 304, and a cylindrical piezoelectric material 303
between the electrodes is shown in Figure 3A. The pie-
zoelectric material 303 is a suitable material, such as, for
example quartz, PZT, and the like, that exhibits a change
in physical dimension in response to an impressed volt-
age. The piezoelectric material 303 is oriented such that
when a voltage is impressed between the electrodes 302
and 304, the thickness of the piezoelectric material 303
changes slightly. When the polarity of the impressed volt-
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age is alternated at an ultrasonic frequency F, the piezo-
electric material 303 will vibrate at the ultrasonic frequen-
cy F. The vibrations of the piezoelectric material 303 pro-
duce ultrasonic sound waves. Since the electrodes are
cylindrically symmetric, the piezoelectric material 303 will
vibrate radially, with cylindrical symmetry. Conversely,
when an ultrasonic wave hits the piezoelectric material
303, the ultrasonic wave will cause vibrations in the pie-
zoelectric material. These vibrations will generate a volt-
age betweenthe electrodes 302 and 304. Thus, the trans-
ducer is a reciprocal device that can both transmit and
receive ultrasonic waves.

[0052] A detailed construction for a cylindrical ultra-
sound transducer is shown in Figures 3B and 3C. The
length of the transducer 300 or transducer assembly
(e.g., multi-element array of transducer elements) desir-
ably is selected for a given clinical application. In con-
nection with forming circumferential condition blocks in
cardiac or pulmonary vein wall tissue, the transducer
length can fall within the range of approximately 8.0 mm
(80 mils) up to greater than 10 mm (395 mils), and pref-
erably equals about 5.1 mm (200 mils) to 7.5 mm (295
mils). A transducer accordingly sized is believed to form
a lesion of a width sufficient to ensure the integrity of the
formed conductive block without undue tissue ablation.
For other applications, however, the length can be sig-
nificantly longer.

[0053] Likewise, the transducer outer diameter desir-
ably is selected to account for delivery through a partic-
ular access path (e.g., percutaneously and transeptally),
for proper placement and location within a particular body
space, and for achieving a desired ablation effect. In the
given application within or proximate of the pulmonary
vein ostium, the transducer 300 preferably has an outer
diameter within the range of about 1.8 mm (70 mils) to
greater than 2.5 mm (100 mils). It has been observed
that a transducer with an outer diameter of about 2.0mm
(80 mils) generates acoustic power levels approaching
20 Watts per centimeter radiator or greater within myo-
cardial or vascular tissue, which is believed to be suffi-
cient for ablation of tissue engaged by the outer balloon
for up to about 3.5 cm (1.4 inches) outer diameter of the
balloon. For applications in other body spaces, the trans-
ducer 300 may have an outer diameter within the range
of about 1.0 mm (40 mils) to greater than 3.0 to 4.1 mm
(120 to 160 mils) (e.g., as large as 10.2 to 20.3 mm (400
to 800 mils) for applications in some body spaces).
[0054] The central crystal layer 303 of the transducer
300 has a thickness selected to produce a desired oper-
ating frequency. The operating frequency will vary of
course depending upon clinical needs, such as the tol-
erable outer diameter of the ablation and the depth of
heating, as well as upon the size of the transducer as
limited by the delivery path and the size of the target site.
As described in greater detail below, the transducer 300
in the illustrated application preferably operates within
the range of about 5 MHz to about 20 MHz, and more
preferably within the range of about 7 MHz to about 10
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MHz. Thugs, for example, the transducer can have a
thickness of approximately 0.30 mm (12 mils) for an op-
erating frequency of about 7 MHz (i.e., a thickness gen-
erally equal to 1/2 the wavelength associated with the
desired operating frequency).

[0055] The transducer 300 is vibrated across the wall
thickness and to radiate collimated acoustic energy in
the radial direction. For this purpose the distal ends of
electrical leads 336, 337 are electrically coupled to outer
and inner tubular members or electrodes 304, 302, re-
spectively, of the transducer 300, such as, for example,
by soldering the leads to the metallic coatings or by re-
sistance welding. In the illustrated device, the electrical
leads are 0.10-0.20 mm (4-8 mil) (0.004 to 0.008 inch
diameter) silver wire or the like. The proximal ends of
these leads are adapted to couple to an ultrasonic driver
or actuator 340, which is schematically illustrated in Fig-
ure 3B.

[0056] The transducer 300 also can be sectored by
etching or notching grooves in the outer transducer elec-
trode 304 and part of the central piezoelectric crystal layer
303 along lines parallel to the longitudinal axis L of the
transducer 300, as illustrated in Figure 3C. The sectoring
substantially electrically isolates the outer transducer
electrode 304, creating in effect separate transducers. A
separate electrical lead connects to each sector in order
to couple the sector to a dedicated power control that
individually excites the corresponding transducer sector.
By controlling the driving power and operating frequency
to each individual sector, the ultrasonic driver 340 can
enhance the uniformity of the acoustic energy beam
around the transducer 300, as well as can vary the degree
of heating (i.e., lesion control) in the angular dimension.
However, in this configuration, the acoustic energy re-
mains highly collimated in the radial direction, and does
not allow the acoustical beam to be projected forward or
backward. Figures 3D and 3E illustrate the collimated
radial acoustical energy beam paths 320 when the abla-
tion device is placed in a pulmonary vein 325 and pul-
monary vein ostium 330, respectively.

[0057] The present invention utilizes a tissue ablation
element and device assembly capable of creating a cir-
cular energy beam that can be phased in the longitudinal
direction, orienting the beam forward or backward. In one
embodiment of the invention the ablation element is a
thin wall ultrasonic transducer sectioned into a small
number of intertwined helical transducer segments with
many turns forming a spiral array.

[0058] Figure 4Athrough 4C are perspective, side and
end views, respectively, showing the construction of a
spiral array of ultrasonic transducers segments accord-
ing to one embodiment ofthe presentinvention. The array
is made from a single tube shaped piezoelectric trans-
ducer 400 having a longitudinal axis 410. The transducer
400 comprises a piezoelectric crystal 403 between an
inner electrode 402, and an outer electrode 404. The
transducer 400 is approximately 8.3 mm (325 mils) long
with an outside diameter of approximately 2.5 mm (100
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mils) and a wall thickness of approximately 0.46 mm (18
mils).

[0059] The outer electrode 404 is segmented by
etched grooves into a small number of intertwined indi-
vidual helical elements 405 having a plurality of turns.
Each individual element 405 is substantially electrically
insulated from the other elements, allowing the segment-
ed elements to operate independently with minimal in-
terference. This configuration m effect essentially forms
an array of helically shaped functionally discrete trans-
ducers arranged linearly along the longitudinal axis 410.
Hereinafter, these apparent functionally discrete trans-
ducers will be referred to as transducer segments. When
operated out of phase, the helical phased array config-
uration allows the transducer 400 to achieve a phase
coherency equal to many more individual serially phased
transducers placed axially along the longitudinal axis
410. For the purpose of example, the illustrated embod-
iment shows a transducer 400 having an outer electrode
404 sectored into five (5) elements 405 (405a through
405e) corresponding to five (5) discrete transducer seg-
ments 400a through 400e. Each transducer segment
400a through 400e encompasses twenty (20) turns, pro-
viding the phasing coherency of approximately one hun-
dred (100) separate phased transducers arranged seri-
ally along the longitudinal axis 410.

[0060] The number of elements 405, transducer seg-
ments (400a through 400e), and turns illustrated is ex-
emplary. One of skill in the art would understand that
other configurations are contemplated by the present in-
vention having more or fewer helical elements 405. Sev-
eral factors, including the desired application, may con-
tribute to these other configurations.

[0061] Each individual helical element 405 has an en-
larged element pad 406 (406a through 406¢) that serves
as a connection point for the lead wires (not shown) used
to energize the individual transducer segments (400a
through 400e respectively). Each of these element pads
406 is substantially electrically insulated from one anoth-
er to limit interference between individual elements 405.
In addition, a ground pad 407 is attached to the inner
electrode 402 and provides a connection point for a
ground wire.

[0062] The illustrated embodiment has six (6) pads
(five element pads 406a - 406e and one ground pad 407).
Each pad is equally spaced around the circumference of
the transducer 400, approximately sixty (60) degrees
from each other. However, this configuration should not
be read to limit the scope of the invention. Instead, it is
only necessary that each element pad 406 be substan-
tially electrically insulated from one another other to min-
imize interference and cross-talk between elements 405,
regardless of the configuration.

[0063] In a preferred embodiment, attachment of the
lead and ground wires is by soldering the wires directly
to the element and ground pads 406, 407 respectively.
When an electrical potential is impressed across a par-
ticular end pad 406 associated with a given element 405
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and the ground pad 407, the segment (400a through
400e) associated with the particular end pad 406 is en-
ergized.

[0064] As previously described, the transducer 400 is
sectioned into a small number of intertwined individual
helical transducer segments (400a through 400e) that
are substantially electrically insulated from one another
by grooves etched through at least the outer electrode
404. This transducer design is sensitive to material de-
fects, since any crack or imperfection could disconnect
an entire segment. In addition, any discontinuous groove
would short two segments. To minimize these potential
problems, a suitable raw material for the transducer
would include a high-density fine grain PZT ceramic ma-
terial having a porosity of less then 0.25 mm (1 mil).
[0065] When fabricating the transducer, the raw PZT
ceramic material blank is originally in the form of a block
or cube, and may be transformed into a tubular configu-
ration using known machining methods. Figure 8 is a flow
diagram illustrating the method steps for making trans-
ducer400 having a plurality of transducer segments 400a
through 400e according to one embodiment of the
present invention.

[0066] Inone preferred embodiment, the PZT ceramic
material blank is provided (step 800) and core drilled and
machined using a computer numerical control machine
(CNC machine) into a tubular configuration as shown in
step 805. The machined tube will have aninside diameter
of approximately 2.5 mm (100 mils) and an outside di-
ameter of approximately 3.0 mm (120 mils), providing a
wall thickness of approximately 0.25 mm (10 mils). The
overall length of the PZT ceramic cylinder is also ma-
chined to approximately 8.3 mm (325 mils). Concentricity
should be under 1 mil at each end of the tube. This tubular
PZT ceramic material forms what will ultimately become
piezoelectric material 403. In a preferred embodiment, a
quadruple YAG laser at about 700 nanometer wave-
length, hooked to a rotary mandrel CAD/CAM machine
is used to machine the PZT ceramic material blank into
the tubular configuration.

[0067] The outer surface of the PZT cylinder 403 is
then polished using methods known in the art as shown
in step 810. One method acceptable to polish the PZT
cylinder 403 involves mounting the cylinder 403 on a spin-
ning mandrel and spinning the mandrel at a high speed,
at which time the cylinder 403 is contacted with a very
fine abrasive material, such as sandpaper or cloth. Ro-
tational speeds of approximately 30,000 RPM or more
have been found to be acceptable.

[0068] The polished finish creates a very fine, smooth
surface that facilitates subsequent metallic deposition
that forms the electrodes. In addition, the polished sur-
face lessens the-chance of cracks or defects in the me-
tallic electrode surface, resulting in a very uniform and
even metallic layer. The uniform metallic layer enables
subsequent etching or notching of very fine grooves or
patterns. In a preferred embodiment, a polished mirror
finish of 10 microns or less will allow the laser etching
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process to yield grooves of 30 to 50 microns.

[0069] The tubular PZT ceramic material 403 is then
coated with one or more metallic layers to form the inner
and outer electrodes 402, 404 respectively as shown in
step 815. In a preferred embodiment, the PZT ceramic
material 403 is first sputtered with Gold and then Nickel-
plated. The sputtering process involves placing the ce-
ramic PZT tube 403 in a vacuum chamber, and bombard-
ing the tube with Gold ions produced by using high tem-
peratures and intense static electric fields between a
cathode and anode.

[0070] Inone embodiment of the invention the sputter-
ing process involves placing the ceramic PZT tube 403
in a vacuum chamber outfitted with a cathode and anode.
The cathode typically consists of a metal target made
from the same metal to be deposited (sputtered) on the
ceramic PZT tube 403. All air remaining in the vacuum
chamber is evacuated, and the chamber is re-filled with
a low-pressure gas, such as argon. A high voltage is im-
pressed between the cathode and anode, ionizing the
gas, and creating what is known as the Crookes dark
space near the cathode. In the illustrated embodiment it
is desired to sputter Gold over the PZT tube 403. Accord-
ingly, the target is a Gold cathode. Almost all of the po-
tential high-voltage supply appears across the dark
space. The electric field accelerates the argon atoms,
which bombard the Gold target. There is an exchange of
momentum, and an atom is ejected from the target ma-
terial (in this embodiment a Gold atom), and is deposited
onthe ceramic PZT tube 403, where it adheres and builds
up a Gold metal film. The PZT tube 403 is rotated and
flipped during the process to ensure adequate Gold cov-
erage from all directions.

[0071] Once the gold sputtering is complete, the coat-
ed PZT tube 403 is plated using a plating process. In one
preferred embodiment, coated PZT tube 403 is Nickel
plated by immersing the tube 403 in a solution of Nickel
and acid. Using a small electric current, the Nickel is
brought out of the solution and is deposited onto the ex-
posed surfaces of the tube.

[0072] When patterns, such as the spiral grooves form-
ing the helical elements 405, are etched or notched into
the surface of the transducer, the transducer becomes
extremely fragile. To minimize transducer fatigue and fail-
ure during the machining process, the transducer assem-
bly 400 is mounted on a mandrel prior to machining the
grooves as shown in step 820. The mandrel provides
additional structural support until a matching layer, de-
scribed below, is placed over the transducer assembly
400.

[0073] The metallic coated tube is then machined to
formthe inner and outer electrodes 402, 404 respectively
as shown in step 825. In a preferred embodiment, the
machine process to form the electrodes 402, 404 com-
prises laser etching the metallic coating. The combination
of these materials (402, 403, 404) form transducer 400.
[0074] Both mental coating procedures are well known
in the art, and may use other metals, other than Gold and
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Nickel in the process. In addition, the sputtering process
may be eliminated when fabricating ultrasound transduc-
ers. However, the sputtering process results in stronger
adherence of the metal to the ceramic PZT material, and
is therefore the preferred method.

[0075] Segmentation of the transducer 400 may be ac-
complished by etching or notching spiral grooves into at
least the outer electrode 404 of transducer 400, separat-
ing the transducer 400 into functioning discrete transduc-
er segments (400a through 400e) as shown in step 830.
The grooves can be made using several different meth-
ods known in the art, such as for example etching using
adiamond wheel or laser. One particular laser machining
method that may be adapted to cut helical grooves is
disclosed by Corbett, Scott et al. in "Laser Machining of
High Density Two-Dimensional Ultrasound Arrays"
(2002) . This method uses a YAG laser emitting a wave-
length of 355nm to essentially etch or evaporate the ma-
terial and create the elements 405. Other machining
methods capable of achieving the desired configuration,
such as those used to laser etch stents and other medical
devices, may be used and are known in the art.

[0076] In a preferred embodiment a Nd-YAG laser is
coupled with a CNC system accurate to within a few mi-
crons to cut the pattern. The helical grooves etched or
notched by the laser are approximately 0.076 mm (3 mils)
deep and 0.051 (2 mils) wide. The element end pads 406
and ground pad 407 as well as end grooves disconnect-
ing the inner electrode 402 from the outer electrode 404
are similarly formed using the laser and CNC machine.

[0077] The helical elements 405 are then shorted and
the transducer 400 poled in thickness mode, as shown
in steps 835, 840 respectively. Shorting, or creating a
"short circuit" is well known in the art with regard to ul-
trasonic transducer design, and involves making a tem-
porary connection of comparatively low resistance be-
tween points in which the resistance is normally much
greater. In the illustrated embodiment, a wire is used to
contact and short all the transducers segments 400a
through 400e (i.e. short the desired helical elements 405
and inner electrode 402).

[0078] Polingis known in the art and refers to the proc-
ess of orienting the molecules of the PZT ceramic mate-
rial, essentially transforming the PZT ceramic material
into a piezoelectric crystal. Poling is achieved by heating
the PZT ceramic material beyond its Kerrie point and
applying a strong electric field. In one embodiment of the
present invention, the PZT ceramic material is heated to
approximately 500 degrees C while an electric field of
approximately 500 volts DC is applied. There is no need
to pole each transducer segment (400a through 400e)
separately. Instead, it would be sufficient to short all five
segments, and apply the voltage between all five trans-
ducer elements 405a through 405e and the ground elec-
trode 402 together.

[0079] A multi-coaxial wire is then attached to the
transducer 400 as shown in step 845. In the illustrated
embodiment, the multi-coaxial wire includes six (6) wires,
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one for each of transducer segment (400a through 400e),
i.e. each of the element pads 406 and a ground lead. In
a preferred embodiment, the wires are attached to the
element pads 406 and ground pad 407 by soldering.
[0080] A matching layer is then placed over the trans-
ducer 400, contributing to the strength and operability of
the transducer 400 assembly as shown in step 850. As
previously described, the matching layer provides me-
chanical strength to the transducer 400 lost during the
etching operation. A ceramic PZT tube with fine notches
etched into the surface, as provided in a preferred em-
bodiment of the present invention, would fracture and/or
fail without an outer covering holding the material togeth-
er.

[0081] The matching layer also increases the band-
width of each transducer segment (400a through 400¢e),
and thus the transducer’s (400) overall bandwidth. As
described in greater detail below, this characteristic pro-
vides a greater frequency operating range for each trans-
ducer segment 400a through 400e. To project the acous-
ticenergy beam forward or backward relative to the trans-
ducer 400 longitudinal axis requires the transducer seg-
ments 400a through 400e to be operated out of phase
from one another. Any desired change to be made to the
acoustic energy beam angle is proportionally related to
the frequency. Accordingly, the greater the bandwidth of
the transducer segments 400a through 400e, the greater
the spectrum (wider angle) the transducer 400 can
project the acoustic energy beam.

[0082] The matching layer also provides electrical in-
sulation between the transducer elements 405. In one
array design, the matching layeris formed from a polymer
laminated over the transducer elements 405, leaving the
grooves separating the transducer elements 405 filled
with air. This configuration provides acoustic separation
between transducer segments 400a through 400e and
insures a uniform thickness of the matching layer. How-
ever, when the transducer 400 is used for high intensity
ultrasound applications, the impressed voltage between
adjacent transducer segments 400a through 400e may
be relatively high. This high voltage coupled with the rel-
atively long distance the adjacent transducer elements
405 run in parallel increase the risk of current leakage
between adjacent transducer segments 400a through
400e. However, the air-filled grooves provide little or no
resistance to this leakage. Accordingly, in another more
preferred embodiment, the transducer 400 is coated with
a matching layer, preferably a low viscosity polymer, that
wicks into and fills the grooves separating the transducer
elements 405. The matching layer should also cover the
transducer 400 with a thin polymer layer, approximately
0.051 mm (2 mils) thick. The polymers used in the match-
ing layer should have a low viscosity, good adhesion to
metal and ceramic material, low coefficient of expansion,
and reasonably high dielectric strength. One example of
a polymer possessing such characteristics is an epoxy
adhesive.

[0083] Aside from the laminating process, the match-
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ing layer may be coated over the transducer 400 by other
methods known in the art, including spray coating with
an air or airless sprayer, dip coating, chemical vapor dep-
osition, plasma coating, co-extrusion coating, spin coat-
ing and insert molding.

[0084] Figures 5A and 5B are section and close-up
section views respectively showing the construction of a
transducer 500 segmented by intertwined individual hel-
ical elements 505 (505a through 505e) essentially into
an array of functionally discrete transducers segments
500a through 500e according to one embodiment of the
present invention. The transducer 500 has an inner elec-
trode 502 as a common electrode, and a cylindrical pie-
zoelectric material 503 as a common element. The outer
electrode 504 is segmented by spiral grooves 510 into 5
individual helical electrodes 505 (505a through 505€) hel-
ically arranged around the outer transducer 500 surface.
The helical electrodes 505a through 505e are substan-
tially electrically isolated from one another and corre-
spond to the array of five helical transducers segments
500a through 500e.

[0085] When AC voltage is impressed between the in-
ner electrode 502 and a selected one of the five outer
electrode 504 elements (505a - 505¢), the piezoelectric
material vibrates in the region between the inner elec-
trode 502 and the selected outer electrode element 505.
Forexample, an AC voltage impressed between the inner
electrode 502 and outer electrode element 505a will
cause the region between the electrode 502 and the elec-
trode element 505a to vibrate. However, the piezoelectric
material 503 is a single piece of un-sectioned material
as shown in Figures 5A and 5B, so the impressed voltage
and subsequent vibration between the inner electrode
502 and the outer electrode element 505a will cause
some vibration in the regions between the inner electrode
502 and outer electrode elements 505b and 505¢ adja-
cent to electrode element 505a. This coupling of signals
is sometimes referred to a cross-talk.

[0086] Excessive cross-talk between electrodes may
be undesirable for some particular applications. To re-
duce such coupling between adjacent electrodes, the el-
ements may be partially isolated from one another. Fig-
ures 6A and 6B are section and close-up section views
respectively showing the construction of a transducer
600 having grooves extended into the cylindrical piezo-
electric material 603 according to one embodiment of the
present invention. By extending the grooves into the pi-
ezoelectric material 603, the piezoelectric material 603
will be zoned, partially isolating the signals and subse-
quently reducing cross-talk.

[0087] As similarly described above, transducer 600
is constructed having intertwined individual helical ele-
ments 605 sectioning transducer 600 into an array of
spirally shaped functionally discrete transducer seg-
ments 600a through 600e. The transducer 600 has an
inner electrode 602 as a common electrode, and a cylin-
drical piezoelectric material 603 at least partially as a
common element. The outer electrode 604 is separated
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by spiral grooves 610 into 5 individual helical electrode
elements 605 (605a through 605e) helically disposed
around the outer transducer 600 surface. These helical
elements 605a through 605e directly correspond to trans-
ducer segments 600a through 600e. However, unlike the
transducer 500 illustrated in Figures 5A and 5B, these
spiral grooves 610 radially extend completely through
the outer electrode and into at least a portion of the cy-
lindrical piezoelectric material 603. The grooves in the
piezoelectric material 603 will tend to physically separate
the piezoelectric material 603 into zones (five zones in
the illustrated embodiment) directly corresponding to the
five helical electrode elements 605a through 605e.
[0088] The coupling between the electrodes can be
further reduced by extending the spiral grooves all the
way through the piezoelectric material (not shown),
thereby producing separate pieces of piezoelectric ma-
terial, and thus completely separate transducers.
[0089] The transducers 500, 600 may be operated in
at least two modes. In a first mode, all five transducer
segments (simulating five helical transducers) are driven
with identical signals. This mode will create a single radial
acoustic energy beam having a radial thickness similar
to existing single transducer designs. In a second mode,
the five individual segments are driven as a standard
phased array by signals having a fixed phased delay be-
tween segments. Because the segments are arranged
to simulate five helical transducers, the phased array al-
lows the resultant energy beam to be directed forward or
backward.

[0090] A phased delay is a representation of the time
delay in seconds experienced by each sinusoidal com-
ponent of the input signal. The phase of a periodic phe-
nomenon i.e. sinusoidal input signal, can also be ex-
pressed or specified by angular measure, with one period
usually encompassing 360° (2r radians). When each
transducer element is driven at the same frequency, the
phase delay will be directly related to the phase shift or
the change in phase angle between each sinusoidal com-
ponent of the input signal.

[0091] A schematic representation illustrating a fixed
phase delay (phase shift) for a plurality of sinusoidal input
signals 720 (720a through 720e) driving an array of trans-
ducer segments 700a through 700e is shown in Figure
7A. This design utilizes a transducer 700 segmented into
5 intertwined helical transducer segments 700a through
700e by five helical elements 705a through 705e. The
transducer segments 700a through 700e are driven
through a five-channel generator with five leads. One ad-
vantage of the illustrated configuration is that it can gen-
erate a coherent phased acoustic energy beam that sim-
ulates over fifty individual elements. In the illustrated
schematic, like reference numerals are used to show the
association between particular fixed phase input signals
720a through 720e, transducer elements 705a through
705e, and transducer signals 700a through 700e. For
example, transducer element 705a produces sinusoidal
ultrasonic sound wave 720a.
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[0092] When an alternating sinusoidal input current
720a through 720e is impressed between a particular
element 705 of the outer electrode 704 and inner elec-
trode 702, the thickness of the piezoelectric material 703
associated with the given transducer segment 700 (700a
through 700e) will vibrate at the alternating frequency.
The repetitive cyclic design illustrated in Figure 7A pro-
duces an array that has the same signal every fifth ele-
ment. Accordingly, the total cumulative phase shift over
the five transducer segments 700a through 700e is equal
to a full 360 degrees. Using a fixed phase delay, the op-
timal phase shift between adjacent transducer segments
(700a through 700e) is thus 72 degrees. As can be seen
from the illustrated embodiment, input signal 720a is 72
degrees out of phase from input signal 720b. Similarly,
input signal 720b is 72 degree out of phase from input
signal 720c, and so on. This configuration maximizes
transducer efficiency and provides a coherent energy
beam.

[0093] Typically, a cylindrical ultrasound transducer
will produce a highly collimated acoustic energy beam
that emanates from the transducer in a direction substan-
tially normal to the transducer longitudinal axis. Similarly,
a transducer having a plurality of helical segments ar-
ranged serially along a longitudinal axis would produce
a highly collimated acoustic energy beam normal to the
transducer longitudinal axis when the individual trans-
ducer segments are driven in-phase with respect to one
another. However, when the helical segments are driven
out of phase from one another, as illustrated in Figure
7A, the resultant cumulative acoustic energy beam em-
anates from the transducer 700 at an angle relative to
the longitudinal axis. By varying the phase delay of the
input signal 720, the acoustical energy beam angle will
change.

[0094] The implication is that for a different acoustic
energy beam angle, a different phase delay would be
used. One method to vary the phase delay is to vary the
frequency at which the transducer segments are driven
while keeping the phase shift (angle) between adjacent
input signals the same. Figure 7B is a schematic repre-
sentation illustrating resultant cumulative acoustic ener-
gy beams (750, 751, 752) emanating from each of the
plurality of transducer element 705a when driven at dif-
ferent frequencies. The relationship between the angle
of the acoustic energy beam and the driving frequency
can be defined using the following formulas:

A= V/f

and

L * COs(a)

Where:
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@ Ais the wavelength of the input signal;

@ V is the speed of sound in water (1550 m/sec);
@ fis the frequency that the transducer elements are
driven;

@ L is the threading increment or pitch, which is de-
fined as the linear distance traversed by the helical
groove separating the transducer into helical trans-
ducer segments when making one full turn; and

@ o is the angle between the acoustic energy beam
and the longitudinal axis of the transducer.

[0095] In one preferred embodiment, the threading in-
crement L is 0.000508m. For the purpose of example,
assume it is desired to project the acoustic energy beam
at an angle 45° (degrees) from the longitudinal axis (de-
picted as beam 751 in Figure 7B). Solving the above
equations simultaneously, the array of transducers 705
would have to be driven at a frequency of 4.3 MHz. In
another example, assume is desired to project the acous-
tic the energy beam at an angle 60° from the longitudinal
axis (depicted as beam 750 in Figure 7B). Once again
solving the equations simultaneously, the array of trans-
ducers 705 would have to be driven at a frequency of 6.2
MHz. Similarly, driving the transducer elements 705 at
could project an acoustical energy beam 752 at an angle
30° from the longitudinal axis.

[0096] Figure 7C is a side view of an ablation catheter
showing the acoustical energy beam paths 751 projected
at an angle relative to the transducer longitudinal axis
when the ablation device is placed at the juncture be-
tween a body lumen and a body cavity, such as a pul-
monary vein ostium 330.

[0097] Asnotedabove, anacoustical energy beam can
be projected at an angle 90° (i.e. perpendicular) to the
longitudinal axis with any frequency in the transducer’s
bandwidth by driving all the elements comprising the
transducer in-phase with one another. In addition, the
illustrate array of transducer elements can also be driven
with phase delays that are not fixed, or would not sum to
360° as previously disclosed.

[0098] Several factors should be considered when se-
lecting a generator to produce the acoustic energy beam.
The generator should have at least one channel for each
electrode element (i.e. foreach transducer segment). Us-
ing the illustrated embodiment as an example, the gen-
erator would be, as a minimum, a five-channel signal
generator with an amplifier output stage capable of
phase-lock operation. A linear RF amplifier should be
provided for each channel matched for driving a 50 Ohn
load up to 20 Watts per channel. The amplifiers should
have a bandwidth of up to 12 MHz and should have iden-
tical gain and phase shift across the channels. The gen-
erator should preferably have directional couplers, shunt
resistors to dissipate reflected power, and sensing cir-
cuits for reflected power magnitude and phase.

[0099] Preferably, the signal generator would be a
computer driven signal generator capable of generating
highly coherent continuous sine wave signals with accu-
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rate phase delay between the channels. The computer
should be capable of obtaining the desired angle as an
input, and calculate the frequency and phase for each of
the five channels. Other desirable inputs to the computer
should include the desirable output power, the direct and
reflected power of each channel, and the target tissue
temperature. If the transducer is also going to be used
for imaging, appropriate considerations should be taken
into the design of the generator, such as the ability to
generate short bursts of acoustic energy with accurate
timing.

[0100] The foregoing invention variously shows cir-
cumferential ablation device assemblies incorporating ul-
trasound transducers for ablating a circumferential re-
gion of tissue. Such ultrasound ablation assemblies are
believed to be particularly amenable to use with the po-
sition monitoring assemblies incorporating sensing ca-
pabilities of the ablation transducer itself, such as for ex-
ample but not limited to an "A"-mode sensing system.
However, it is further contemplated that the particular ab-
lation devices may also be combined with the other po-
sition monitoring assemblies and related sensors. Fur-
thermore, such ultrasound ablation assemblies may also
be combined with the various ablation monitoring assem-
blies, such as temperature monitoring assemblies and
SEensors.

[0101] As common to each of the following devices, a
source of acoustic energy is provided with a delivery de-
vice that may also includes an anchoring mechanism. In
one mode, the anchoring device comprises an expand-
able member that also positions the acoustic energy
source within the body; however, other anchoring and
positioning devices may also be used, such as, for ex-
ample, a basket mechanism.

[0102] In a more specific form, the acoustic energy
source is located within the expandable member and the
expandable member is adapted to engage a circumfer-
ential path of tissue either about or along a pulmonary
vein in the region of its ostium along a left atrial wall. Prior
art acoustic energy sources in turn are acoustically cou-
pled to the wall of the expandable member and thus to
the circumferential region of tissue engaged by the ex-
pandable member wall by emitting a circumferential and
longitudinally collimated ultrasound signal when actuat-
ed by an acoustic energy driver. The use of acoustic en-
ergy, and particularly ultrasonic energy, offers the advan-
tage of simultaneously applying a dose of energy suffi-
cient to ablate a relatively large surface area within or
near the heart to a desired heating depth without expos-
ing the heart to a large amount of current. For example,
an ultrasonic transducer can form a lesion, which has
about a 1.5 mm width, about a 2.5 mm diameter lumen,
such as a pulmonary vein and of a sufficient depth to
form an effective conductive block. It is believed that an
effective conductive block can be formed by producing
a lesion within the tissue that is transmural or substan-
tially fransmural. Depending upon the patient as well as
the location within the pulmonary vein ostium, the lesion
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may have a depth of 1 millimeter to 10 millimeters. It has
been observed thatthe ultrasonic transducer can be pow-
ered to provide a lesion having these parameters so as
to form an effective conductive block between the pul-
monary vein and the posterior wall of the left atrium.
[0103] While particular detailed description has been
herein provided for particular embodiments and varia-
tions according to the present invention, it is further un-
derstood that various modifications and improvements
may be made by one of ordinary skill according to this
disclosure and without departing from the broad scope
of the invention.

[0104] Inaddition, acircumferential ablation device as-
sembly constructed with a mounted ultrasound ablation
element according to the present invention may be used
in combination with other linear ablation assemblies and
methods, and various related components or steps of
such assemblies or methods, respectively, in order to
form a circumferential conduction block adjunctively to
the formation of long linear lesions, such as in a less-
invasive "maze"-type procedure.

[0105] Inaddition, one of ordinary skill may make other
obvious or insubstantial modifications or improvements
to the specific embodiments herein shown and described
based upon this disclosure without departing from the
scope of the invention as defined by the claims that follow.

Claims

1. Amethodfor making a piezoelectric transducer (400)
having a plurality of intertwined individual helical
transducer segments from comprising:

machining a ceramic material blank into a tubu-
lar configuration to form a ceramic tube;
coating the ceramic tube with a metallic layer;
machining the metal coated ceramic tube toform
an inner electrode (402) and a plurality of heli-
cally intertwined outer electrodes (405), each
outer electrode having its own element pad
(406a-e) that serves as a connection point, and
being associated with a functionally discrete
transducer segment (400a-e) so that the plural-
ity of transducer segments can be operated out
of phase to orient the acoustical energy beam
forward or backward in the longitudinal direction;
transforming the ceramic material forming the
ceramic tube into a piezoelectric crystal (403).

2. The method of claim 1 wherein the step of machining
the blank comprises core drilling and turning the
blank using a CNC machine.

3. The method of claim 2 wherein the step of core drill-
ing and turning the blank comprises utilizing a quad-
ruple YAG laser at about 700 nanometer wave-
length, hooked to a rotary mandrel CAD/CAM ma-
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chine.

The method of claim 1 wherein the step of coating
the tubular ceramic material with a metallic layer
comprises plating the tubular ceramic material using
a metal plating process.

The method of claim 1 wherein the step of coating
the tubular ceramic material with a metallic layer
comprises sputtering the ceramic tube with metal us-
ing a sputtering process.

The method of claim 1 wherein the step of machining
comprises laser etching the metallic coating over the
ceramic tube to form inner and outer electrodes.

The method of claim 1 wherein the step of machining
comprises laser etching the metallic coating over the
ceramic tube to form helical grooves that segment
the transducer into the functionally discrete trans-
ducer segments.

The method of claim 1 wherein the step of transform-
ing the ceramic material forming the ceramic tube
into a piezoelectric crystal comprises shorting the
transducer segments.

The method of claim 8 wherein the step of shorting
the transducer segments comprises creating a tem-
porary connection of comparatively low resistance
between the transducer segments.

The method of claim 1 wherein the step of transform-
ing the ceramic material forming the ceramic tube
into a piezoelectric crystal comprises poling the ce-
ramic tube.

The method of claim 10 wherein the step of poling
the ceramic tube comprises:

heating the ceramic tube beyond its Kerrie point;
and
apply an electric field.

The method of claim 1 further comprising the step
of polishing the outer surface of the ceramic tube
before coating the ceramic tube with a metallic layer.

The method of claim 12 wherein the step of polishing
the outer surface of the ceramic tube comprises:
mounting the ceramic tube to a spinning mandrel;
rotating the mandrel at a high rate of speed; and
contacting the rotating ceramic tube with a fine abra-
sive material.

The method of claim 1 further comprising the step
of mounting the ceramic tube to a mandrel for addi-
tion support during machining.
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The method of claim 1 further comprising the step
of applying a matching layer over the segmented
transducer.

The method of claim 15 wherein the step of applying
a matching layer comprises laminating the matching
layer over the transducer.

The method of claim 15 wherein the step of applying
a matching layer comprises coating the transducer
with a polymer using a process selected from the
group consisting of spray coating, dip coating, chem-
ical vapor deposition, plasma coating, co-extrusion
coating, spin coating and insert molding.

The method of claim 1 wherein the ceramic tube is
a PZT ceramic tube; and

wherein the step of machining comprises etching at
least the outer electrode to form a plurality of inter-
twined helical transducer segments.

Patentanspriiche

1.

Verfahren zur Herstellung eines piezoelektrischen
Wandlers (400) mit einer Vielzahl von verflochtenen
einzelnen schraubenférmigen Wandlersegmenten,
umfassend:

Bearbeiten eines Keramikmaterialrohlings in ei-
ne rohrférmige Konfiguration, um ein Keramik-
rohr zu bilden;

Beschichten des Keramikrohres mit einer me-
tallischen Schicht;

Bearbeiten des metallbeschichteten Keramik-
rohres, um eine innere Elektrode (402) und eine
Vielzahl von schraubenférmig verflochtenen au-
Reren Elektroden (405) zu bilden, wobei jede
auBere Elektrode ihr eigenes Elementan-
schlussfeld (406a - e), das als ein Verbindungs-
punkt dient, aufweist und mit einem funktional
diskreten Wandlersegment (400a - e) verbun-
den ist, so dass die Vielzahl von Wandlerseg-
menten phasenverschoben betrieben werden
kénnen, um den Schallenergiestrahl in der
Langsrichtung nach vorne oder nach hinten zu
orientieren;

Umwandeln des das Keramikrohr bildenden Ke-
ramikmaterials in einen piezoelektrischen Kri-
stall (403).

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Bearbeitens des
Rohlings Kernbohren und Drehen des Rohlings un-
ter Verwendung einer CNC-Maschine umfasst.

Verfahren nach Anspruch 2, dadurch gekenn-
zeichnet, dass der Schritt des Kernbohrens und
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Drehens des Rohlings Verwenden eines Vierfach-
YAG-Lasers bei einer Wellenlange von ca. 700 Na-
nometer, der an eine Drehdorn-CAD/CAM-Maschi-
ne gehangt ist, umfasst.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Beschichtens des
rohrférmigen Keramikmaterials mit einer metalli-
schen Schicht Plazieren des rohrférmigen Keramik-
materials unter Verwendung eines Metallplattie-
rungsprozesses umfasst.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Beschichtens des
rohrférmigen Keramikmaterials mit einer metalli-
schen Schicht Sputtern des Keramikrohres mit Me-
tall unter Verwendung eines Sputterprozesses um-
fasst.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Bearbeitens Laser-
atzen der metallischen Beschichtung uber dem Ke-
ramikrohr umfasst, um innere und dulere Elektro-
den zu bilden.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Bearbeitens Laser-
atzen der metallischen Beschichtung uber dem Ke-
ramikrohr, um schraubenférmige Nuten zu bilden,
die den Wandler in die funktional diskreten Wand-
lersegmente segmentieren, umfasst.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Umwandelns des das
Keramikrohr bildenden Keramikmaterials in einen
piezoelektrischen Kristall KurzschlieRen der Wand-
lersegmente umfasst.

Verfahren nach Anspruch 8, dadurch gekenn-
zeichnet, dass der Schritt des KurzschlieRens der
Wandlersegmente Erzeugen einer temporaren Ver-
bindung mit vergleichsweise geringem Widerstand
zwischen den Wandlersegmenten umfasst.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass der Schritt des Umwandelns des das
Keramikrohr bildenden Keramikmaterials in einen
piezoelektrischen Kristall Polarisieren des Keramik-
rohres umfasst.

Verfahren nach Anspruch 10, dadurch gekenn-
zeichnet, dass der Schrittdes Polarisierens des Ke-
ramikrohres umfasst:

Erwarmen des Keramikrohres Uiber seinen Ker-
rie-Punkt; und
Anlegen eines elektrischen Feldes.
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Verfahren nach Anspruch 1, ferner umfassend den
Schritt des Polierens der AulRenseite des Keramik-
rohres vor Beschichten des Keramikrohrer mit einer
metallischen Schicht.

Verfahren nach Anspruch 12, dadurch gekenn-
zeichnet, dass der Schritt des Polierens der AuRen-
seite des Keramikrohres umfasst: Montieren des Ke-
ramikrohres an einem Rotationsdom; Drehen des
Doms mit einer hohen Geschwindigkeit; und Kon-
taktieren des sich drehenden Keramikrohres mit ei-
nem feinen abrasiven Material.

Verfahren nach Anspruch 1, ferner umfassend den
Schritt des Montierens des Keramikrohres an einen
Dom zum zusatzlichen Stiitzen wahrend des Bear-
beitens.

Verfahren nach Anspruch 1, ferner umfassend den
Schritt des Auftragens einer Anpassungsschicht
Uber dem segmentierten Wandler.

Verfahren nach Anspruch 15, dadurch gekenn-
zeichnet, dass der Schritt des Auftragens einer An-
passungsschicht Laminieren der Anpassungs-
schicht Giber dem Wandler umfasst.

Verfahren nach Anspruch 15, dadurch gekenn-
zeichnet, dass der Schritt des Auftragens einer An-
passungsschicht Beschichten des Wandlers mit ei-
nem Polymer unter Verwendung eines Prozesses
umfasst, der aus der Gruppe ausgewahlt ist, die aus
Spritzbeschichten, Tauchbeschichten, Gasphasen-
abscheidung, Plasmabeschichten, Co-Extrusions-
beschichten, Schleuderbeschichten und Umspritz-
giefRen besteht.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass das Keramikrohr ein PZT-Keramik-
rohr ist; und

der Schritt des Bearbeitens Atzen mindestens der
auleren Elektrode, um eine Vielzahl von verflochte-
nen schraubenférmigen Wandlersegmenten zu bil-
den, umfasst.

Revendications

Procédé de fabrication d’'un transducteur piézoélec-
trique (400) ayant une pluralit¢ de segments de
transducteur hélicoidaux individuels entrelacés
comprenant:

usiner une ébauche de matériau céramique en
une configuration tubulaire pour former un tube
céramique;

revétir le tube céramique avec une couche mé-
tallique;
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usiner le tube céramique revétu de métal pour
former une électrode intérieure (402) et plu-
sieurs électrodes extérieures (405) hélicoidale-
ment entrelacées, chaque électrode extérieure
ayant son propre coussinet d’élément (406a-e)
qui sert de point de connection et étant associé
a un segment de transducteur fonctionnelle-
ment discret (400a-e) de sorte que la pluralité
de segments de transducteur peuvent étre ame-
nés hors phase pour orienter le faisceau d’éner-
gie acoustique vers I'avant ou vers l'arriére dans
la direction longitudinale;

transformer le matériau céramique formant le
tube céramique en un cristal piézoélectrique
(403).

Procédé selon larevendication 1, dans lequel I'étape
d’'usinage de I'ébauche comprend le pergage au fo-
ret-aléseur et le tournage de I'ébauche en utilisant
une machine CNC.

Procédé selonlarevendication 2, dans lequel I'étape
de percage au foret-aléseur et le tournage de I'ébau-
che comprend I'utilisation d’'un laser JAG quadruple
d’une longueur d’onde d’environ 700 nanomeétres,
accroché a une machine CAD/CAM a mandrin rota-
tif.

Procédé selonlarevendication 1, dans lequel I'étape
de revétement du matériau céramique tubulaire
avec une couche métallique comprend le placage
du matériau céramique tubulaire en utilisant un pro-
cessus de placage de métal.

Procédé selonlarevendication 1, dans lequel I'étape
de revétement du matériau céramique tubulaire
avec une couche métallique comprend la pulvérisa-
tion sur le tube céramique d’un métal en utilisant un
processus de pulvérisation.

Procédé selonlarevendication 1, dans lequel I'étape
d’'usinage comprend l'attaque au laser du revéte-
ment métallique sur le tube céramique pour former
des électrodes intérieures et extérieures.

Procédé selonlarevendication 1, dans lequel I'étape
d’'usinage comprend l'attaque au laser du revéte-
ment métallique sur le tube céramique pour former
des rainures hélicoidales qui segmentent le trans-
ducteur en segments de transducteur fonctionnelle-
ment discrets.

Procédé selonlarevendication 1, dans lequel I'étape
de transformation du matériau céramique formantle
tube céramique en un cristal piézoélectrique com-
prend la mise en court-circuit des segments de trans-
ducteur.
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Procédé selonlarevendication 8, dans lequel I'étape
de mise en court-circuit des segments de transduc-
teur comprend la création d’'une connection tempo-
raire d’'une résistance comparativement basse entre
les segments de transducteur.

Procédé selonlarevendication 1, dans lequel I'étape
de transformation du matériau céramique formant le
tube céramique en un cristal piézoélectrique com-
prend le perchage du tube céramique.

Procédé selon la revendication 10, dans lequel I'éta-
pe de perchage du tube céramique comprend:

chauffer le tube céramique au-dela de son point
de Kerrie; et
appliquer un champ électrique.

Procédé selon la revendication 1, comprenant en
outre I'étape consistant a polir la surface extérieure
du tube céramique avant I'application au tube céra-
mique d’'une couche métallique.

Procédé selon la revendication 12, dans lequel I'éta-
pe de polissage de la surface extérieure du tube cé-
ramique comprend: monter le tube céramique sur
un mandrin de rotation; faire tourner le mandrin a
vitesse élevée et mettre en contact le tube cérami-
que tournant avec un matériau abrasif fin.

Procédé selon la revendication 1, comprenant en
outre I'étape consistant a monter le tube céramique
sur un mandrin en vue d’'un support additionnel du-
rant l'usinage.

Procédé selon la revendication 1, comprenant en
outre I'étape consistant a appliquer une couche cor-
respondante au transducteur segmenté.

Procédé selon larevendication 15, dans lequel I'éta-
pe d’application d’'une couche correspondante com-
prend le laminage de la couche correspondante sur
le transducteur.

Procédé selon la revendication 15, dans lequel I'éta-
pe d’application d’'une couche correspondante com-
prend le revétement du transducteur d’un polymére
en utilisant un processus sélectionné dans le groupe
consistant en revétement par pulvérisation, revéte-
ment par immersion, dépdt chimique en phase va-
peur, revétement par plasma, revétement par coex-
trusion, dépdt a la tournette et moulage avec insert.

Procédé selon larevendication 1, dans lequel le tube
céramique est un tube céramique PZT; et ou I'étape
d’usinage comprend I'attaque au moins de I'électro-
de extérieure pour former une pluralité de segments
de transducteur hélicoidaux entrelacés.
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