
3,363,228 F. M ASSA Jan. 9, 1968 
PRESSURE GRADIENT HYDROPHONE 

Filed Aug. 23, 1965 

FIG. 8 E m T m / B D 6 

FREQUENCY 



United States Patent C) 
1 

3,363,228 
PRESSURE GRADIENT HYDROPHONE 

Frank Massa, Cohasset, Mass., assignor to Massa Division, 
Dynamics Corporation of America, Hingham, Mass. 

Filed Aug. 23, 1965, Ser. No. 481,809 
19 Claims. (Cl. 340-10) 

This invention is concerned with an improved con 
struction of a hydrophone of the pressure gradient type 
which can be used under water at relatively great depths. 
One object of my invention is to provide a pressure 

gradient hydrophone that will operate satisfactorily 
throughout the lower portion of the audible frequency 
region. 
Another object of my invention is to provide a stiffness 

controlled vibrating system over the frequency range of 
operation in order that the phase relationship between the 
sound pressure and the generated voltage will remain ?xed 
from unit to unit. 
A still further object of my invention is to provide a low 

cost mechanical structure which achieves the desired per 
formance requirements. 

Another object of my invention is to neutralize the hy 
drostatic pressure before it is transferred to the active 
transducer element, so that the element is effectively sub 
jected only to the sound pressure oscillations when it is 
immersed in deep water. 

These and other objects of the invention are set forth 
with particularity in the appended claims. However, for a 
better understanding of the invention itself, together with 
further features and advantages thereof, reference is made 
to the accompanying description and drawings in which 
is shown an illustrative embodiment of one form of my 
invention. This is understood by the following figures. 

FIG. 1 is a longitudinal cross section of a hydrophone 
incorporating one embodiment of my invention. 

FIG. 2 is a view taken along the section 2—2 of FIG. 1. 
FIG. 3 is a view similar to FIG. 2 showing a different 

electrode arrangement for obtaining improved sensitivity 
for the hydrophone. 

FIG. 4 is another view similar to FIG. 2 showing a 
still different electrode arrangement for obtaining still fur 
ther improvement in hydrophone sensitivity. 

FIG. 5 is a View taken along the section 5—5 of FIG. 
4 showing the exaggerated de?ection curve of the clamped 
circular transducer element when a force is applied at the 
center. 

FIG. 6 is another View similar to FIG. 2 showing an 
other modi?cation of electrode arrangement for obtaning 
improved sensitivity for the hydrophone. 

FIG. 7 is a view taken along section 7——7 of FIG. 6 
and shows details of the electrode arrangement. 
FIG. 8 shows the relationship between the sensitivity 

and frequency for the pressure gradient hydrophone. 
FIG. 9 shows the directional response characteristic of 

the hydrophone in a plane containing the longitudinal axis 
of the unit. 

Referring more particularly to FIG. 1 and FIG. 2, the 
reference character 1 represents a ring-like housing struc 
ture having a shape as illustrated by the cross section. 
A bi-laminar disc, comprising two bonded plates 2A and 
2B of piezoelectric material such as polarized barium tita 
nate or polarized lead zirconate titanate, is cemented at its 
periphery to the recessed shoulder in part 1, as illustrated. 
The bi-laminar assembly includes metallic electrodes 3 
and 4 on the external surfaces of the ceramic and similar 
electrodes 33 and 44 at the inner bonded faces of the 
ceramic discs. The polarization of the two individual por 
tions 2A and 2B of the bonded assembly is of opposite 
polarity the same as is illustrated by the + and — signs 
in the plate arrangement of FIG. 7. This polarization 
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causes the combined series voltages across both ceramic 
plates to be additive when the center of the piezoelectric 
assembly is de?ected. For the electrode arrangement 
shown in FIGS. 1 and 2, the diameter of the circular elec 
trodes should not exceed approximately 55 % of the diam 
eter of the unsupported area of the composite bi-laminar 
structure. If a larger diameter of electrode is used, the 
outer portion will generate a voltage of opposite polarity 
to the center section and thereby reduce the sensitivity. 
An insulated conductor 5 passes through an insulating 
bushing 6 through the wall of part 1 and is electrically con 
nected to electrode 3. Another conductor 7 similarly 
passes through insulating bushing 8 and is attached to 
electrode 4. When the bi-laminar disc is cemented at its 
periphery to the housing 1 as described, an oscillatory 
vibration imparted to the center of the piezoelectric disc 
assembly will generate corresponding alternating voltages 
across the conductors 5 and 7. 

In FIG. 3 is shown an improved arrangement of elec 
trode con?guration to obtain increased sensitivity from 
the hydrophone. In this improved design, the electrodes 
are annular in shape as illustrated by 3A. For ‘optimum 
sensitivity, the inside diameter of the annular electrode 
3A should not be less than approximately 55% of the 
outside diameter of the electrode and the outside diameter 
should be approximately equal to the diameter of the un 
supported area of the bi-laminar assembly. The improve 
ment in sensitivity realized by the electrode arrangement 
of FIG. 3, as compared to FIG. 2, results from the in 
creased stress which is created in the outer portion of the 
clamped disc assembly when it is deflected as compared 
to the stress developed near the center portion of the as 
sembly. An additional advantage results from the use of 
the annular electrodes of FIG. 3 because a larger area of 
the ceramic is covered which in turn results in a sub 
stantial increase in the capacitance of the assembly. 

FIGS. 4 and 5 illustrate an arrangement for using the 
entire area of the bi-laminar assembly in which both the 
electrodes of FIG. 2 and FIG. 3 are employed to achieve 
maximum e?iciency of operation. In using this dual elec 
trode arrangement for the electrical connections illus 
trated, the polarization of the individual plates 2A and 2B 
must be in opposite directions in the regions beneath the 
center electrodes 3 and 4 as compared to the regions 
beneath the outer annular electrodes 3A and 4A as illus 
trated by the + and — signs in FIG. 5. This reversal in 
polarization will develop voltages which are in phase 
across the electrodes 3 and 3A during de?ection of the 
assembly and conductor 5 can be attached to both elec 
trodes 3 and 3A in parallel as shown. The separation be 
tween the outside diameter of electrode 3 and the inside 
diameter of electrode 3A should occur at approximately 
55% of the full unsupported diameter of the ceramic bi 
laminar assembly because this is the region of zero stress 
as illustrated by the exaggerated de?ection curve of the 
assembly in FIG. 5. The arrangement of the electrodes 4 
and 4A follow the same general con?guration as was de 
scribed for electrodes 3 and 3A which permits the con 
ductor 7 to be attached as shown. 
FIG. 6 and FIG. 7 illustrate an electrode arrangement 

that permits a simple series electrical connection between 
the inner and outer sections of the assembly as is indi 
cated by connecting the conductor 5A to the electrode 3 
in FIG. 7 and connecting the conductor 7A to the elec 
trode 3A. For the arrangement illustrated in FIG. 7, the 
polarization of the plate 2A is in the same direction over 
its entire area and thus avoids the need for reversed 
polarization over the center and outer portions of the 
plate as is required by the electrode con?guration in FIG. 
5. The electrode 4C covers the entire exposed surface of 
the plate 2B in FIG. 7 and serves to provide the series 
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electrical connection between the voltages generated 
through the peripheral portion of the bi-laminar struc 
ture and the center circular portion of the assembly. The 
mating surfaces of the discs 2A and 28 each having mat 
ing segmented electrodes 4 and 4A corresponding to elec 
trodes 3 and 3A illustrated in FIG. 7. The polarization 
of the individual discs is indicated by the + and -— signs 
in FIG. 7. 

In order to complete the hydrophone assembly, refer 
again to FIG. 1. The tubular member 9 and tubular mem 
ber 10 are machined to ?t accurately within the machined 
peripheral surfaces of part 1 as illustrated. End caps with 
undercut peripheral webs, to permit ?exural suspension 
of the center piston portions 11 and 12, are provided 
to seal each end of the cylindrical housing 9 and 10. At 
each joint where the various mechanical parts are at 
tached, an epoxy cement is preferably employed to make 
a permanent rigid waterproof bond. Mechanical connec 
tion is established from the pistons 11 and 12 to the com 
mon transducer element 2A and 2B by means of the 
connecting members illustrated in FIG. 1. In order to 
secure high rigidity for the connecting members, thin 
walled tubular members 13 and 14 are used for the basic 
structure. At one end of tube 13 is attached an adapter 
15 which is machined to seat ?ush against the under, ?at 
side of piston 11 when the top of part 15 is assembled 
into the center hole in piston 11 as shown. Epoxy cement 
is preferably employed at the various mechanical joints 
throughout the assembly to achieve a rigid waterproof 
construction. At the opposite end of tubular member 13 
an adaptor 16 is employed to provide coupling from mem 
ber 13 to the center of the piezoelectric structure 2A and 
2B. For deep water applications, the member 16 is pref 
erably made of a high strength material such as alloy 
steel, in order that the total hydrostatic pressure acting 
on the diaphragms does not result in yielding of the ma 
terial at the small diameter portion of the adaptor 16. A 
similar adaptor 16A connects tubular member 14 to the 
opposite side of the ceramic structure 2A and 2B as 
shown, and an adaptor 15A is employed for attaching 
tube 14 to piston 12. 
A preferred method of assembly of the structure is as 

follows: 
(1) Fabricate the sub-assembly comprising part 1 and 

the bi-laminar assembly 2A and 2B with the associated 
terminal leads 5 and 7 as shown. 

(2) Assemble parts 13, 15 and 16 as one composite 
structure using epoxy or any other suitable rigid cement. 

(3) Assemble parts 9 and 11 and the sub-assembly 13, 
15 and 16, employing a suitable ?xture to ensure that 
the cylindrical tip of part 16 is held concentric with the 
periphery of part 9 during the curing of the cement. 

(4) Attach sub-assembly comprising parts 1, 2A and 
2B, to the open end of part 9. The cylindrical tip of part 
16 will enter approximately midway into the center open 
ing of the piezoelectric structure 2A and 2B. Apply epoxy 
or other suitable rigid cement within the center opening 
of part 2A and 2B and around the open peripheral edge 
of part 1. Attach part 10 to part 1 and insert the tip of 
16A of the sub-assembly 14, 15A and 16A into the center 
clearance hole through part 2A and 2B, permitting the 
ends of 16 and 16A to make contact through the epoxy 
cement that was placed in the opening. Allow cement to 
cure, using a ?xture to maintain concentricity of the tip 
of part 15A with the periphery of part 10. 

(5) Cement diaphragm 12 to seal the opening on part 
10, allowing the pin tip of part 15A to pass through the 
clearance hole in part 12, as shown. Employ a shim 17, 
if necessary, to make up tolerance, using cement on both 
sides of 17, to provide a rigid bond. 

After following the above steps, a complete water 
proof hydrophone assembly will result which, when im 
mersed in a sound ?eld, will generate a voltage pro 
portional to the differential pressure existing between dia 
phragm 11 and diaphragm 12. 
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If the hydrophone is placed in a sound ?eld with the 

normal axis of the cylindrical structure facing the sound 
source, the sensitivity will be a function of frequency as 
indicated by the response curve in FIG. 8. The maximum 
sensitivity will occur at the frequency fm. The frequency 
fm occurs when the length of the hydrophone is equal to 
one-half wavelength of the sound in the medium. At the 
lower frequencies, the sensitivity will decrease with de 
creasing frequency at the rate of 6 db per octave, as 
shown in FIG. 8. In order for the sensitivity character 
istic to have the uniform slope shown in FIG. 8 over the 
frequency range of operation, it is necessary that the 
resonant frequency of the combined vibrating system, con 
sisting of the transducer element 2A and 2B combined 
with the associated diaphragms and connecting rods, oc 
cur higher than the maximum frequency of desired use. 
Under this condition, the phase relationship between the 
generated voltage in the hydrophone and the sound pres 
sure acting at the diaphragm will remain uniform among 
all the hydrophones that are manufactured, which will 
permit the use of the pressure gradient elements as di 
rection ?nders in much the same manner as is achieved 
by the use of di-pole antennas. 

For any sound arriving along a path which is at right 
angles to the axis of the hydrophone, the instantaneous 
sound pressure will be of the same magnitude and phase 
on the surface of each diaphragm and, therefore, zero 
voltage will be generated by the hydrophone. For sounds 
arriving at angles between 0° and 90°, the sensitivity 
will be proportional to the cosine of the angles as illus 
trated by the directional characteristic shown in FIG. 9. 

Although I have chosen only a few speci?c examples 
to illustrate the basic principles of my invention, it will 
be obvious to those skilled in the art that numerous de 
partures may be made from the details shown, and I, 
therefore, desire that my invention shall not be limited 
except insofar as it made necessary by the prior art and by 
the spirit of the appended claims. 

I claim as my invention: 
1. In combination in a pressure gradient hydrophone 

transducer, a tubular housing structure having two open 
ends, a vibratile diaphragm attached to seal each open 
end of said tubular housing, a single transducer element 
capable of converting oscillatory mechanical pressures 
on said diaphragms into oscillatory electrical signals sup 
ported within and by said tubular housing at a location 
intermediate said two ends, mechanical connection means 
connecting each vibratile diaphragm to a common point, 
said common point being coupled to apply said mech 
anical pressures upon an unsupported region of said 
transducer element, and electrical terminal means con 
nected to said transducer element. 

2. In combination in a pressure gradient transducer, 
a tubular housing structure having two open ends, a 
multilaminar plate assembly, at least one element of 
said plate assembly comprising a transducer material 
capable of converting oscillatory mechanical stresses to 
alternating electrical signals, electrical terminal means 
connected to said transducer material, mechanical sup 
port means located within said tubular housing adapted 
for mounting a portion of said multilaminar structure, a 
section of the unsupported portion of said multilaminar 
structure being arranged near the center line of said 
tubular housing, a pair of vibratile diaphragms, each at 
tached to seal an open end of said tubular housing, me 
chanical connection means attaching each diaphragm to 
a common point on the unsupported portion of said multi 
laminar structure whereby the diiference in alternating 
pressure impressed on the two vibratile diaphragms pro 
duce a resultant alternating force to vibrate the un 
supported region of said multilaminar plate assembly 
causing an oscillatory electrical signal to be generated 
within said transducer material and to appear at the elec 
trical terminals connected to said transducer material. 
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3. The invention set forth in claim 2 wherein said 
transducer is designed to operate in a sonic medium 
responsive to the receipt of sound waves having a fre 
quency which is less than a predetermined maximum 
frequency, said transducer being characterized in that 
the resonant frequency of the transducer assembly is 
higher than said predetermined frequency of sound in 
the sonic medium for which L=>\/ 2 where L is the length 
of the tubular housing and k is the Wavelength at the 
predetermined frequency in the sonic medium. 

‘4. The invention set forth in claim 2 characterized in 
that each of said mechanical connection means com 
prises a hollow tube with a solid plug attached to each 
end of said hollow tube and further characterized in that 
one end plug on each of said hollow tubes is rigidly 
bonded to opposite faces near the center portion of said 
multilaminar plate and the remaining end plug on each 
hollow tube is rigidly attached to the center of each 
vibratile diaphragm. 

5. The invention set forth in claim 2, the stiffness of 
the vibrating system being controlled over the entire fre 
quency range from the lowest audible frequencies to at 
least I kc., and the open circuit voltage sensitivity of the 
transducer increasing when used as a hydrophone for 
receiving sounds arriving along an axis parallel to the 
axis of the tubular housing, said open circuit voltage 
increasing with frequency at the rate of 6 db per octave 
over the entire low frequency range to at least 1 kc. 

6. The invention set forth in claim 5 further char 
acterized in that the directional pattern of the transducer 
in a plane containing the longitudinal axis of the tubular 
housing varies from a maximum for angles of incidence 
of the sound along the longitudinal axis to a minimum 
for sounds arriving at right angles to the normal axis of 
the transducer, the variation in sensitivity for other angles 
of incidence being approximately proportional to the 
cosine of the angle between the arrival path and the 
normal axis of the transducer. 

7. In combination in a pressure gradient transducer, a 
hollow cylindrical housing having an opening at each 
end, a pair of piezoelectric discs, electrodes surfaces 
covering areas on both faces of said discs, bonding means 
for attaching said pair of discs together to form a bi 
laminar assembly, electrical terminal means attached to 
said electrode surfaces, mechanical mounting means 
within said cylindrical housing adapted for holding the 
periphery of said bi-laminar disc, bonding means for 
attaching said periphery of said bi-laminar assembly to 
said mechanical mounting means, a vibratile diaphragm 
attached to seal each of said open ends of said cylindrical 
housing, a pair of mechanical connection means one 
attached to each vibratile diaphragm near its center and 
the free ends of said pair of connection means coming 
together from opposite directions, bonding means for 
rigidly attaching said free ends from said mechanical 
connection means to a common region near the center of 
said bi-laminar assembly whereby the difference in alter 
nating pressure impressed on the said pair of vibratile 
diaphragms is transferred to the center unsupported por 
tion of said bi-laminar assembly causing alternating 
stresses to be set up in the piezoelectric plates which in 
turn generate alternating voltages across the electrode 
surfaces attached to said piezoelectric plates. 

8. The invention set forth in claim 7 characterized in 
that said bi-laminar disc includes at least one plate of 
polarized ceramic material. 

9. The invention set forth in claim 8 characterized in 
that the electrode surface comprises a circular conduct 
ing ?lm placed to cover the center portion of the piezo 
electric disc and further characterized in that the diam 
eter of said electrode ?lm shall not exceed about 55% of 
the unsupported diameter of the bi-laminar assembly. 

10. The invention set forth in claim 8 characterized 
in that the electrode surface comprises an annular shaped 
?lm whose outer diameter is approximately equal to the 
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6 
unsupported diameter of the bi-laminar assembly, and 
further characterized in that the inner diameter of said 
electrode ?lm shall not be less than approximately 55% 
of the unclamped diameter of said bi-laminar assembly. 

11. The invention set forth in claim 8 characterized 
in that the electrode surface comprises two separated 
concentric areas, the separation occurring at approxi 
mately 55% of the diameter of the unsupported por 
tion of the bi-laminar disc. 

12. The invention set forth in claim 11 further char 
acterized in that the region of the ceramic disc adjacent 
to the center electrode portion has the opposite polarity 
of the region of the disc adjacent to the outer annular 
electrode portion. 

13. In combination in a pressure gradient transducer, 
a tubular housing structure, a bi-laminar piezoelectric 
disc assembly rigidly attached at its periphery to the inner 
peripheral region of said tubular housing, multiple 
separated electrode portions attached to the surfaces of 
said piezoelectric discs, electrical conductors connected 
to the exposed portions of said electrodes, the electrical 
polarizations of said piezoelectric discs being in such 
direction that the voltages generated through the separ 
ately electroded portions of said bi-laminar assembly 
when mechanical vibratory forces are imparted to the 
unsupported region of said bi-laminar element are in 
phase across the electrical conductors connected to the 
several electrode surfaces. 

14. In combination in a pressure gradient transducer, a 
hollow tubular housing an opening at each end, a circular 
peripheral mounting means within the center portion of 
said tubular housing, a pair of polarized ceramic discs, said 
?rst disc having a separated electrode surface comprising 
a central circular portion and a separated annular portion 
on each of the two parallel plane faces of said disc, said 
second disc having a separated electrode surface on one of 
its faces identical to the separate con?guration provided 
on the surfaces of said ?rst disc and a continuous electrode 
area over its other opposite face, ‘bonding means for rigid 
1y attaching said ?rst and said second disc face to face 
with the identical separated electrodes making individual 
electrical connection through the mated face to face elec— 
trode areas, two electrical conductor means, one con 
nected to each of the concentric separated electrodes ex 
posed on the unbonded face of said ?rst ceramic disc, 
bonding means for attaching the periphery of said joined 
piezoelectric discs to the peripheral mounting means as 
sociated with said tubular housing, a vibratile diaphragm 
attached to seal each end opening of said tubular hous 
ing, mechanical connection means rigidly attached to each 
diaphragm, said mechanical connection means assembled 
rigidly together at their opposite ends and to the unsup 
ported center section of said piezoelectric disc assembly 
whereby differential alternating pressures applied to the 
exposed diaphragm surfaces cause oscillatory mechanical 
forces to be imparted to the unsupported center region of 
said piezoelectric disc assembly. 

15. The invention set forth in claim 14 and means for 
making the resonant frequency of the transducer assembly 
higher than the frequency of sound in the medium which 
corresponds to the frequency determined by the relation 
ship L=)\/ 2 where L is the length of the tubular housing 
and A is the wavelength at the corresponding frequency 
in the medium. 

16. The invention set forth in claim 14 characterized in 
that each of said mechanical connection means comprises 
a hollow tube with a solid plug attached to each end of 
said hollow tube and further characterized in that one end 
plug on each of said hollow tubes is [rigidly bonded to 
‘opposite faces near the center portion of said multilaminar 
plate and the remaining end plug on each hollow tube is 
rigidly attached to the center of each vibratile diaphragm. 

17. The invention set forth in claim 14 the stiffness of 
the vibrating system being controlled over the entire fre 
quency range from the lowest audible frequencies to at 
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least 1 kc., and means for increasing the open circuit volt 
age sensitivity of the transducer when used as a hydro 
phone for receiving sounds arriving along an axis parallel 
to the axis of the tubular housing, said open circuit volt 
age increasing with frequency at the rate of 6 db per 
octave over the entire low frequency range to at least 1 kc. 

18. The invention set forth in claim 14 characterized 
in that the directional pattern of the transducer in a plane 
containing the longitudinal axis of the tubular housing 
varies from a maximum for angles of incidence of the 
sound along the longitudinal axis to a minimum for sounds 
arriving at right angle to the normal axis of the transducer, 
the variation in sensitivity for other angles of incidence 
being approximately proportional to the cosine of the 
angle between the arrival path and the normal axis of the 
transducer. 

19. In combination in an electroacoustic transducer of 
the pressure gradient type for operation under water, a 
tubular housing structure having an opening at each end, a 
vibratile diaphragm attached to seal each opposite open 
end of said housing structure, rigid mechanical connection 
means contained within said tubular housing and rigidly 
attached to each of said opposing diaphragms whereby 
the hydrostatic pressure acting on the exposed surfaces of 
each of the two diaphragms results in opposing equal 
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forces along the mechanical connection means thereby 
preventing any displacement of said vibratile diaphragms 
due to the in?uence of the hydrostatic pressure, a single 
transducer means supported within said tubular housing 
intermediate the ends thereof, said mechanical connection 
means rigidly attached to an unsupported region of said 
transducer means, and means responsive to differential 
alternating pressure acting on the diaphragms causing cor 
responding alternating forces to be applied to the unsup 
ported portion of the transducer means for generating a 
corresponding alternating output voltage. 
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