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~ Contract N].~O(TOO24)T74T9B~entitled “High Power
Transducers” was issued to North American Aviation, Inc • at
Columbus , Ohio by T.~ NWL as the first part of a program to
evaluate a 15-foot acoustic Luneberg lens. The first phase
is to design, fabricate and test two piezoceraraic transducers
to radiate 60-100 kv of acoustic power in water at 2.6 to
3.0 kc.

V North American Aviation, Inc. at Coltsnbus has rnanu-
factured the two transducers and evaluated them at NBL ’ s
Calibration Station on Lake Seneca during the week of 19-23
April 1965. The results of this investigation are incorporated
in this report .

The second phase of the program will involve the 15-
foot compliant tube Luneberg lens with five transducers in
order to demonstrate performance ar~i source levels comparable
to the latest subme.rine sonars . This .lens is already in exis-
tence and would be supplied by ONB .
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Since the acoustic output depends on both the aix unt of
the piezocer amic meter ial and also the effective electromechanical

V coupling factor, the basic design of the flextens iorial transd~~er
was modified to accommodate a piezoceramic stack which is cons id-
erably longer than the diaphragm. The design requires only a
simple oil fill and thus the transducer is usable at any depth at
sea . Table I swmnar izes the pertinent characteristics of the two
transducers as recorded at NRL-Lake Seneca and at NAA-Columbus .
Cavitation limited the ra diated power to 30 kw at 500 ft depth , but
extrapo lation of the data indicates that a power of 85 1w would
have been attained with 4 XV nsa in the absence of cavitation. Al-
though the mechanical Qm of 6 at the 2.8 kc resonance Is somewhat
high , the useful bandwidth of the P2-1 transducer is really much

• wider. Within the frequency band fro m 2.5  kc to more tha n 4.0 kc ,
the transducer can radiate a minimum of 30 1w when drive n with 4 XV ,
or a minimum of 45 1w with 5 XV which represents the maximum usable
voltage at very low duty cycles .

Further source level measurements are suggested to demon-
strate the full power capability of the transducers , as well as
suitable pulse lengths and duty cycles. Mut ual coupling tests and
tests with the 15-foot lens are als o planned .
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TABlE I. TRANSDUCER SU~44PLRY

P2-i P2-2

Resonant Frequency 2.8 2.8 kc 
V

Q,~ (Bridge) 
6.1 6.0

~e 
(Bridge ) 1.0 1.2

1/2
V 

Qeff = (QeQm) 2.5 2.7

ke = (1 + QeQm )
14

~
2 

37.6 35.0 *
Capac itance .70 .70 aId .

Impedance at Resonance 87 -j87 68 -j83 ohms

Directivity Index 3.3 3.8 db

Source level/volt (omrii) 48.7 50.1 db
(Re : l mb ar a t l yd )

Receiving Sensitivity (omni ) -77.8 -76.4 db
(Re : 1. volt/cibar)

Acoustic Power Output - - 25-30 ku

We ight in AIr 75 8~ lbs

Depth Limitation at Sea None None
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D~ R(~)UC~TION

The principle objective of the subject contract was to
demonstrate that the flextensional transducer can combine suitable
electroacoustic characteristics with compactness and extremely
high power handling capability. Previous investigations have
indicated that the flextensional transducer is especially suitable
for the purpose. Its unusual structure permits the piezoceramic
to be highly prestressed without degrading appreciably the effec-
tive electromechanical coupling factor. This is attained with a
prestress spring which does not LiO~k the piezoceraznic material
because the stiffness of the spring is counterbalanced by inert-
ance at the desired frequency of operation.1 More specifically,
the prestress spring is provided by the mechanically resonant
diaphragms of the transducer which are h ighly flexible at the de-
sired operating frequency. Thus the key advantage of the flex-
tensional. transducer over conventional designs of comparable V

structure is the replacement of the prestress spring that blocks
with one which is highly flexible at the preferred band of operation.

Although the prestress in the piezoceramic stack may ‘be
very large, the corresponding mechanical stresses in the diaph ragms
are not likely to be excessive in terms of the fatigue life of the
diaphragm walls • This is primarily because the diaphragm dimensions
have to be thick in order to atta in the desired resonant frequency
and also because a large radiat ing surface is desired to minimize
cavitat ion In shallow water. A1tern ativel~ , the walls must also be
thick for operation at great ocean depths .’~

The thermal dissipat ion is also enhanced by the specific
design incorporated with the flextensional t ransducer. The piezo-
cerami c stack consists of a series of short disks interlaced with
thin copper disks which serve as electrodes and conduct the heat
generat ed internally in the stack to the oil fill surroun ding the
stack. V

1 W. J. Toulis, JASA 35, 74-80 (1963)

2 W. J .  Toulis, JASA 37, 250-256 (1965 )

3
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Although the combination of high power and a small
transducer is readily susceptible to cavitation at shallow depths ,
there are a number of techniques by which cavitation may be mini-
mized. Deaer ation and control of the viscosity of the enveloping
liquid represent the two simplest methods . Pressurization of the
sane liquid can also be used provided the enclosure is transparent
to sound.

In designing the subject transducer for optimization of
power, the above factors were in evidence and taken into cons idera-
tion. The transducer design is an outgrowth of a similar experi-
mental unit that was investigated at NAA ; both the frequency and
power output of the latter were lower with the result that the de-
sign had to be modified to some extent to fulfill  the objectives
of the subject transducer.

4
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TRANSDiX~ER DESIGN AND FABRICATION

The basic design of the two transducers (to be referred
to here as P2-1 and P2-2) originated from an experimental transducer
(Fl series) that was investigated previously. The sketches in
Figures 1 and 2 are representative of the dimensions of the P2-i and
P2-2 transducers. These differ only externally : thinner diaphragms
and cylinder walls. Compared to the Fl version these are shorter in
length to attain a greater stiffness from the PZT stack but larger
in diameter to minimize cavitation. The greater stiffness in the
stack was intended to minimize t~ e effect of mass-loading of the

• end sections on the resonance frequency of the transducer.

The P2-2 transducer consists of a steel shell 17.75 inches
long with a maxi’aun diaphragm diameter of 7.5 inches and a l~ inch• long by 3 inch diameter piezocerauiic stack centered in the shell.
(Figure i). The shell has twelve diaphragms and two chimney pieces .
The diaphragms are the result of twelve lengthwise slots in the
bulbous section. The chimney sections are cylindrical havir~ a
inch diameter.

The ends of the transducer are closed off with plugs . One
plug is held in .plac e with tapered pins while the other is threaded
in place. The threaded end is used to apply the prestress to the
ceramic stack. A floating steel disc is used between the threaded
plug and the stack to take out the tors ional load during application
of the prestress.

The whole assembly is sealed by stretching a rubber boot
over the diaphra gm section and us ing “0” rings at all other shell
openings . With this configuration no other containers are required
for tests in water.

The internal volume of the transducer is filled with de-
aereated silicone fluid. The fluid acts as a dielectric to eliminate

• arcing between the stack and shell and also as an acoustic pressure
release for the diaphragms . The viscosity of the silicone fluid is

• 100 centlstokes in P2—2 .

The P2-i transducer is similar to P2-2 with the same piezo-
ceramic stack , however , the shell has been modified by thinning the
diaphragms and portions of the chimneys as shown in Figure 2 • The

t
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diaphragm walls which were .69” are now .50” and the chimneys were
• thinned from .50” to .25” . Also the silicone fluid was c~ andei to

10 centistoke viscosity . These modifications and their effects will
V be discussed later.

- ; The transducer shells were fabricated in one piece from a
solid steel billet to keep the structure homogeneous . Rough machining
of the shells was done with the material annealed. After the material
was heat treated to an ultimate strength of 180-200 ,000 psi , the shell
was finish machined. All the other pieces were machined in the high
heat treated state. The tolerances observed dur ing machining kept the
stack alignment caps parallel and ~on2e~tric within .001 inch. Since
steel is susceptible to corro sion , all external part s of the trans-
ducer were plated with a .0004 inch thick layer of cadmi um .

Fabrication of the piezocerLml c stack consisted of bcr~din-
together the PZT-14 disks , and alternating them with copper disks.

• The adhesive was applied to the matir~; surfaces , then the cerami o
disks were placed in a jig with a copper disk between the VZT disks
and the PZT-4 faces of the same polarity ~a~ ing each other. In
addit ion, fused silica and steel disks are added to the ends to

-
, electrically insulate the stack from the shell and provide added

• strength where high loading can occur c~urinl~ handling.

V.

t
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EXPERI1€NTAL PROGR&M

Preliminary Tests

In addition to the measurements at Lake Seneca and NAA ’ s
• earthwall pool, the two transducers were examined mechanically,

• dynamically and electrieall:r . Mech-~nica1 testing of the trans-
ducers consisted of a static te~.t of the F2-2 shell to determine
the spring constant and stre~~.es of the structure . Before test ir~
the shell, strain gages were nc~ ‘t ’~~ longitudinally along two

V 
lines 180 degrees apa rt at the V~ ~hr~~n center, at both diaohra~n
root points , and on both chimneys . The shell was then mounted in a
fixture, using shims where necessary to insure that only axial loads
could be transmitted to the shell. Def1e~ tioris were measured with
potent iometers , accurate to ÷ .0005 inches , n~ unted at one end of
the transducer. Loads up to 80,000 p9unds were applied to the shell
with strain gage and potentiometer readiri~s recorded at 5~0O0 aour.d
intervals . From these readings , it gas deduced that the P2-2 struc-
ture has a spring constant of 5 x 10 pounds/ inch when the force is
applied axially at the ends. The maxinun stress to load ratio ~
found to be 0.8 psi per pound of force.

The relative ruotional amplitudes and vibrational mode
shapes of the transducers were determined by exciting the PZT stack
in the transducer and recording the oi.rtput from a unidirectional
accelerometer mounted to it. Since dynamic excitation was limited
to that due from the PZT stack, it was only possible to examine modes
that are inherent to such vibrational excitation. These were pri-
marily extensional, but bending and torsional vibrations can be

V. induced also as a result of asymmetry. Actually only the amplitude
and phase of the accelerometer signal were recorded for a number of
points on the shell. The phase of the signal was determined from a
Lissajous figure on an oscilloscope with the node being at the point
the signal reversed its phase. With this set-up and the measure-

V 
meats along a circumference, the amount of chimney bending could be
determined. As the transducer was originally built, bending was
very much in evidence, but changing the pins from straight to taper
at one end and to a large torquing screw at the other brought the
bending amplitudes in air down to 10% of the peak diaphragm motion.
Since a unidirectional accelerometer was used , twisting modes of the

• shell could not be observ’~d but it is suspected that they may be
significant especially in water where the pulsating mode is damped
by radiation.

7
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The principal electrical measurements in air involved the
frequency response ut cons tant current. Figure 3 is for the piezo-
electric stack alone, and Figure 4 is the P2-2 transducer without
the oil fill. The electromechanical coupling coefficient of the
stack alone is 56% at ‘~.0 - 4.8 kc whereas it drops to 35% for the
P2-2 transducer at 2.3 kc. The latter represents the combined
resonance frequency of the housing and stack. The coupling at 35%
is not as high as anticipated Primarily because the resonance fre-
quency at 2.3 kc is too low to permit lengthening of the diaphragm
slots as conceived originally, for  improved couplinr . The resonance
at 4.7 - 5.1 kc in Figure ~ essenti~lly represents the “ stretch”
rather than the flexural mode of vibration in the diaphra ~ a.

Figure 5 represents the frequency response In air  of the
P2-2 transducer when filled with s ilicone fluid 200/ 1~~ cer t i stokes .
The response differs quite aarkedly frets that shown in Figure ~ with-
out the oil fill. The resonance at 2.3 kc has dIsa~peared 

‘rut it
has been replaced by one or two at 1.6 - 2.0 kc and another at 2.9
kc. The reason for this breakup is not clear . In fact , addIt iona l
measurements with the transducer partially filled with oil suggests
that the 2.9 kc resonance might have migrated downward from the 5.0
kc region . Measurements with liquids having different compressi-
bilities and densities might shed some light but it has not been
convenient to investi~ate this aspect at this time. However , there
are indications that these irregular resonances wou2~d disa r r esr i~
the length of the transducer could be shortenad ; tha t  is , :uch
behavior was never noticeable until the chimney concept was intro-
duced for high power output considerations .

Measurements at Lake Seneca

Measurements at r~RL’s Calibration Station on Lake Seneca
involved polar patterns, frequency response data and high power
evaluation at different depths. The polar patterns for the P2-2
(see Figure i) are completely circular in the equatorial or XY
plane but not in the YZ plane which contains the ends. The latter

V patterns are shown in Figures 6 and 7 at frequencies ranging be-
tween 1.7 and 4.8 kc. These polar patterns are not circular but
“appear” to radiate from the ends rather than from the diaphragm
surface. This is because the diaphragms vibrate in unison along the

V equatorial belt; the far field radiation from each element on the
belt tends to be in phase with other contributions in directions

8
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towards the ends but considerably out of phase in directions close
to the equatorial X~ plane ; the diameter of the transducer rela-
t ive to the wavelength of sound is an approx imate measure of the
lack of phase conherence in the equatorial plane . From this inter-
pretat ion, the lower frequency polar patterns should be rounder
than those at higher frequencies. Actually, the unusual length of
the transducer compared to its diameter distorts this siaple picture
so that the polar pattern tends to be more omnidirectional at fre-

• quencies above 2.5 kc up to about 4.0 kc. Furthermore, properly
positioned refractive material can be used to remold these polar
patterns to yield nearly omnidirectional as well as highly direc-
tional patterns.

The transmitting response in Figure 8 of the P2-2 indicates
V that there are three frequencies where resonance appears to occur:

1.7, 2.8 and 4.8 kc. The one at 4.8 kc represents the stretch mode
of vibration in the diaphragm with appreciable radiation comi ng also
f rom the ends of the transducer. The resonance at 2.8 kc is due to
the flexuraJ. motion of the diaphragms in conjunction with the mass
provided by the end sections; that is, the resonance frequency of
the diaphragm is about 4.0 kc but the undue amount of mass in the
end sections lowers it to 2.3 kc.

The resonance at 1.7 kc in Figure 8 is unexpected in the
sense that it seems to be associated with a parasitic type of motion
which was not anticipated. Although a bending type of motion was
indicated through probing, a torsional vibration is being suspected
as the partial cause of the resonance at 1.7 Icc and the adjacent hole
in the response at 2.1 Icc. Further, corroborative evidence can be
deduced from the bridge measurements shown in Figure 9 by calculating
the resultant frequency response in terms of the electrical power

• input; the equivalent electrical input level is also shown in Figure
8. Aside from a correction of 3-4 db due to the directivity pattern ,
the two curves coincide almost exactly except at frequencies below
2.5 kc. At 1.7 Icc for example, the acoustic level is down almost
10 db when corrected for the directivity index (DI). With such a
low efficiency, the mechanical resonance must be due to a motion which
is nonradiative and highly viscous . Thus such a descriptive behavior
fits the torsional much nx~re than the bending mode and especially
since the polar patterns do not show any evidence of a bending mode;
that is, bending of the transducer would show up as asymmetry in the

V polar patterns in the XY plane of the transducer.

9
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The P2-2 transducer was run as a receiver; its response
is shown in Figure 10. The snarp nul l In both the transmitting
and receiving response is not uncommon and is usually caused by

• a change in radiation mode between two resonances . In this case
the lossy mod e at 1.8 Icc shifts to a radiating mode at 2.8 icc .

In addition to the calibration measurements, high power
tests were made. Basically triey consisted of pulsing the tuned
transducer with a 115 kw L~n~ amplifier while measuring tne cur-

• rent, voltage and phase at tue transducer. A calibrated hyd ro-
phone spaced 5 meters f rom tk~ transducer on a boom arrangement

• measured the Sound field alcn~ the Y axis.
V N0~~: The other data was taken aiong the Z axis.

• A number of runs we re made at deptus of 260, 360 and
500 feet. Cavitation was present at all depths , however , input
powe r was meas ured accurately Ofli~~ at tae 500 foot dep~~V a .  Figure
ii shows the sound pressure field varies linearly in tne absence
of cavitation with the voltage applied to t~ e tr ansducer.  Cavi-
tation lim i ted the power to 25-~ 0 kw w itu 2850 volts at the 500-ft depth .

The second transducer , the P2-i , was ca1~brated also
at Lake Seneca. It differed from P2-2 in having a diapnra~s
thickness of 0.50 instead of 0.69 and a.viindrical wall tn~c~•-
ness of 0.25 instead of 0.50 incnes . Figure 12 shows a series
of polar patterns which do not differ appreciably from those in
Figures 6 and 7 for the F2-2. The frequency response in Figure ~
is also similar to that for F2-2 but wi th a lowe r mechanical Q
and somewhat more uniform response at frequencies above 2.5 icc;
the correlation between tue sound pressure field and that ded uced
fran the bridge data in Figure lb is also more uniformly consis-
tent. Thus the F2-l appears to have somewhat better electro-
acoustic characteristics than the more massive P2-2. However,
it was not convenient to drive the P2-i to high power output,
though it should behave not unlike the P2-2 in this respect.

Measurements at NAA-Coluznbus

• Both transducers were calibrated at NAA-Coluxnbus with
results which in general are fairly consistent with those observed
at Lake Seneca. However, there was one specific si tuation where
the two sets of meas urements showed considerable divers ity . The

V polar patterns in the YZ plane for the P2-2, and shown in Figure
15, were considerably rounder than those in Figure 6 fran Lake
Seneca. The measur ements at NAA ’ s ear thwall pool we re recorded
before Lake Seneca tests as well as after and using both pulsed
and CW techniques without any appa rent cha nge in the outcome . On
the other hand , the discrepancy with the P2-i transducer was not
as great . Thus with this l imited information , it is not certain
whether the discrepancies arose due to the method of calibration
or due to the method of supporting the transducer .

10
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The frequency response in terms of source level and
V electrical impedance were also recorded at NAA-Columb us . These
• are shown respectively In Figures 16 and 17 and agree fa i r ly

• closely with those at Lake Seneca in view of the fact that the
• NAA earthwali pool is not especially large .

An attempt was also made to determine the influence of
a small conical reflector for use with one of the transducers as
an approprIate prime feed for the lens and also as a means to
minimize mutua l coupling between ad jacent feeds. The conical
reflector was of the right circular  type wi th a 10” diameter and
with steel walls 0.50 thick. Figures i8a and b show polar patterns
at 2.0 and 3.0 icc with the cCnicai reflector in place; the front-
to-back ratio is only 5 db at ~.0 icc and 2 db at 2.0 icc; the f ront -

V to-side ratio is better at 6 and ~2 db , respectively . When cell-
tite is placed behind the conical reflector , Figures l8c and d ,
the front-to-back ratio is improved to 9 and 7 db respectively
while the f ron t - to-s ide  ra t io  is essent ial ly unaltered . Althou~h
these are promising results , a much greater f ron t - to -s ide  rat~ c
is anticipated when the conical reflector is overfilled wi th  a

• low-velocity l iq~ id; th us the mutual  coupl i ng w ith  other trans-
ducers in prox~mity should be greatly reduced as a result.

4
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ANALYSIS ~~~~
‘ DATA

The design of the P2-series of transd ucers resulted
originally from the design and investigation of the Fl-series
which had chimney sections even longer than those shown in
Figures 1 and 2. The resultant electroacoustic response was
similar in spite of attempts to alter them by thinning
Out the diaphra~ ns of the F2-l relative to those of trie P2-2 .
Based on this evidence, the shorter chimney sections of the
P2-series relative to those oi the Fl-series suggests that the
chimney sections are not sufficiently short as yet if the d ia-

• phra~ns rather than the massive eal sections are to control the
preferred resonant frequency . It is anticipated that shorter

7 chimney sections and some mc~~if~ ca~ iu n s  ~n diaph ra~ i dimensions
would result in a larger electromec:a:.. cal coupling factor and
also a lower mechanical Q without serious sacr i f ice  in the max i-
rntri acoustic powe . that can be radiated .

The source level measurements n Figure 11 for the P2-2
show that the acoustic output is l imit ed  severely by cavitation
at 500-foot depths . This situation is unexDected only in terms
of the well known assunption of l/~ watt/cm~ near the surface of
the water. Act ually, the latter general i za t ion is applicable to

• transducers with dimensions which  are relatively large when can-
V V pared to the wavelength of sound in water. For a smaller trans-

ducer, tne near-field pressure can be much greater than might be
expected from the extrapolation of far-fie ld measurements. For
exanple, a pulsating sphere radiates an acoustic power equal to
V2Rr where Rr is the resistive component of the radi ation load and
v is the velocity of vibration of the sphere surface. Howe ver ,

• far-field measurements cannot tell am~ thing about v and Rr except
that the combination lead s to en acoustic power of v2Br . On the
other hand , the radiation load on the sphere Is

Zr Rr + j
~4 ~r ( : + j Q )

where W Is the angular frequency, Mr is the radiation mass on the
sphere and Q = U14r/Hr . Consequently, the pressure on the sphere is

V 
not simply vRr but rather

p r v ( R r + j(*14r) v R r ( l + J Q )

and in terms of the far field pressure (Pa) extrapolated to the
near field

I WPaI = (‘ 4 ~2~l/2 [
~ 

(~~
y.2 31/2

where k A is the wavelength of sound and a the rad ius of

the sphere . The above ratio, of the near field to the far field
pressure, is shown plotted in Figure 19 as a measure of the degrad a-
tioa of the cavitation limit as defined conventionally.

12
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Since the P2-2 transducer is estimated to have an
equivalent ka 0.8 with art equivalent surface area of about
80-ioo in2, then the predicted degradation in the cavitation
limit Is ~# db . Consequently, the measured output of 25-30 kw
Is not Inconsistent with the 75 kw expected f ran conventional
asstmtptionz .

a

f
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V Table I is a summary of the performance data of the
P2-1 and P2-2 flextensional transducers . In general, these are
consistent with the objectives of Contract llL&O(70024)771479B.
The transd ucers were designed to handle 60-100 kw at mechanical
resonance and the measurements in Figure 11 support this objective
even though the actual power output was limited by cavitation to
25-30 kw at 500-foot depths. More specifically, the rad iated
acoustic pressure Is known to be linear with the applied voltage
and, consequently, the output should be 85 kw with 14000 volts
and 132 kw with 5000 volts. The latter is the limiting voltage
for the onset of depoling in PZT-~ ~Lnd , therefore, it should be

V approached only at low duty cycles in order to avoid undue heat-
1mg effects. However, this performance is attainable at most
any depth at sea inasmuch as the properties of the pressure-
release material, silicone fluid in this Instance, do not change
appreciably with depth .

The mechanical ~~ of 6 is scnievnat high but the electrical
Q~ of one is low so the effective Qej’~ is 2.5. The latter deduction
appears to be justified especially by toe frequency response of the
£2-i in Figure 13. The latter indicates that the useful band
extends from 2.5 kc to more than 5 Icc . Even at the lowest output
level at 3.~ kc, 

the power output can be as high as 140 kw with
the limiting voltage of 5000 volts.

Although efficiency was not measured dIrectly, it can
be deduced from the comparison of the source level measurements
with the corresponding power input equivalents as shown in
Figures 9 and 13. The source level curves are higher because
of a directive gain of about 2 to 14 db, depend ing on the polar
pattern at each frequency. On deducting the correction due to
directive gain, the resultant difference between the two curves

V is of the order of one db at frequencies above 2.5 kc. At lower
frequencies and 1.7 kc in particular, the difference is of the
order of 10 db so that the efficiency is of the order of 10%. The

V latter is attributed to a parasitic torsional vibration which can-
not radiate in the manner of the pulsating mode.

As a result of the experimental evaluation of the two
transducers, it appears that an improved electromechanical factor
and wider mechanical resonance can be attained by reducing the
lengths of the cylindrical chimney sections . MDre specifically,
the large mass in these sections has distorted the Initial design

b objectives wherein the diaphragm cor1trols, principally, the fre-
quency of mechanical resonance. As a result, the diaphragm is
not now configured optimally.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
VVV
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In view of the acoustic power being limited to 25-30 kw
by cavitation, power output canabilities beyond 100 kw should be
verified with the F2 transducers in waters deeper than 500 feet.
Alternatively improvements of 5-10 in the cavitation limit can be
expected with deaerated transformer oil and somewhat more with the
more viscous castor oil. A third approach involves a thin-wall
pressurized conta iner bnt the desi~~ of the acoustically trans-
parent shell represents an added co::plication.

The essent ially simple design of the flextenisional trans-
V ducer , with only an oil fill as the pressure-release material,
C permits it to operate at any depth at sea . An experimental evalun-

tion should show that the power output remains practically una ltered
with depth.

Approximately one-third of the transducer length should be
eliminated from the cylindrical portions of the F2-2 transducer.
Such a structural modification should yield am improved electro-
mechanical coupling factor , a broader frequency response, lower
mechanical 

~m at the pulsating mechanical resonance of the dia-
phragms, and a nearly comparable acoustic output .

The emphasis of thin (0.200 inch thick) disks in the 
V

piezoceram.ic stack with copper electrodes, to serve as cooling fins
as well, should permit the dissipation of a large amount of heat

V 
from within the piezoceramic stack under high duty cycle operation.
A test of the temperature rise vs. average power will reveal the
usable duty cycle at any power level.

4 
V

Measurements with the ONR 15-foot lens should be initiated
in order to demonstrate a practical ability to control both cavita-
tion and mutual. coupling suppression under high power output conditions .

15
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