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My invention relates broadly to electro-
acoustic systems and more particularly to an im-
proved method of constructing magnetostriction
transducers and to an improved construction of
magnetostriction transducer.

One of the objects of my invention is to pro-
vide a method of producing magnetostriction
transducers by which an increased efficiency is
obtained in the production of electro-acoustic
energy.

Another object of my invention is to provide
an improved design of magnetostriction trans-
ducer by which a higher acoustic efficiency is ob-
tainable than has heretofore been possible.

A further object of my invention is to provide
a construction of lamination for magnetostric-
tion transducers having a high coefficient of elec-
tromechanical coupling for a low “Q” system
thereby resulting in higher efficiency of energy
conversion.

Still another object of my invention is to pro-
vide a construction of lamination for magneto-
striction transducers which permits a greater
variation in the operating “Q.”

A still further object of my invention is to pro-
vide a construction of dual purpose magnetostric-
tion vibrator which may be operated at a low
“Q” with one end radiating and a high “Q” with
the other end radiating for enabling the same die

to be used in the stamping of laminations for i«

two entirely different types of vibrators.

Still another object of my invention is to pro-
vide a construction of magnetfostriction trans-
ducer in which the laminations provide very sub-
stantial space for the winding ccils and allows
the coils to be placed in the optimum position
for minimum flux leakage while employing a
minimum of material and in a stack of minimum
weight. .

Still another object of my invention is to pro-
vide a construction of magnetostriction trans-
ducer which is slotted in its more massive section
for the insertion of a permanent bar magnet.

Still another object of my invention is to pro-
vide a construction of magnetostriction trans-
ducer which provides means for magnetically
polarizing the laminations thereof or for produc-
ing a continuous unidirectional flux through the
laminations.

Other and further objects of my invention re-
side in the production of a magnetostriction
transducer with mathematical accuracy on a uni-
form mass production scale as set forth more
fully in the specification hereinafter following
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by reference to the accompanying drawings, in
which:

Figure 1 is a theoretical diagram explaining the
principles of operation of a magnetostriction bar;
Fig. 2 illustrates two magnetostriction bars joined
at opposite ends to provide a closed magnetic
circuit; Fig. 3 is a curve diagram showing the
velocity amplitude of a resonance vibrating sys-
tem as a function of frequency; Fig. 4 illustrates
a magnetostriction lamination symmetrical with
respect to both its transverse and longitudinal
axes; Fig. 5 illustrates a magnetostriction Jami-~
nation which is unsymmetrical with respect to its
transverse central axis and symmetrica] with re~
spect to its longitudinal axis, where the displace-~
ment node is located at the junction of the con-
stricted section to the solid block; Fig. 6 shows
a magnetostriction lamination which is unsym-
metrical with respect to its transverse central
axis and symmetrical with respect to its longi-
tudinal axis, where the displacement node is lo-
cated in the constricted section according to my
invention; Fig. 7 is a perspective view of a stack
of magnetostriction laminations arranged in a
unit and embodying my invention; Fig. 8 is a
transverse sectional view taken on the line 88
of Fig. 6; Fig. 9 is a diagrammatic and schematic
view showing the manner of arranging the wind-
ings in electrical and mechanical protective re-
lation to the magnetostriction bars of the vi-
bratile unit; and Fig. 10A shows the relative pro-
portions of the lamination embodying my inven-
tion to which I have related the curve diagram
of Fig. 10B showing the amplitude of theoretical
displacement from rest position of any point along
the length of the lamination during the com-
pression part of the cycle; and te which I have
related the curve diagram of Fig. 10C showing
the distribution of the internal stresses in the
material of the lamination illustrated in Fig. 10A.

Fig. 1 illustrates laminated bar [ of magneto-
strictive material with a coil 2 wound about the
bar.. An alternating current sent through this
coil 2 will cause the bar to shorten and elongate
with the alternating magnetic flux induced in
the bar I by the alternating current. If a steady
magnetic flux is maintained in the bar | by
means of a direct current in the coil, or by an-
arrangement of permanent magnets, and the al-.
ternating flux is superimposed on it, the rod will
lengthen and shorten with the same frequency
as the alternating current.

For the simplest type of motion of the bar of
Fig. 1, the center remaing fixed and each half
moves outward from the center. The distance:
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which a point on the bar will move from its rest
position increases with the distance of this point
from the center. When the driving frequency
and the length of the rod have the relation:

C
=57

where f is the frequency, L. the length of the
rod, and c¢ is the velocity of sound in the rod,
there is a resonance phenomenon and the motion
of the rod is much greater than:at -other ‘fre-
quencies. Under these circumstances, the bar is

called a half wave vibrator, because:.the length

of the bar corresponds to one.half:the length of
a sound wave in the material at this freguency.

The vibrating system of Fig. 1 has a very poor
path for the magnetic flux since halfthe path’s
length is in air. This can be remedies by:join-
ing two of these bars with end pieces as shown

in. Fig. 2. When this vibrator.is_in motion the.

material in a transverse plane through the bars,
equidistant from the.ends, remains fixed. The
bars-are symmetrical with respect to this plane
and the two ends of the bars have the same.am-
plitude of motion. If ‘this system is to be used
to.send. out .an acoustic signal in one.direction,
one end .is placed in contact with .the medium
(water in underwater. signalling) and the other

end is. isolated from the medium by an interven- ..
ing material which will not permit the sound to ~

pass through,.sound ‘eonsisting simply of the vi-
bratory motion imparted to the medium by the
vibrating ends.of the bars.

A very important matter of concern in the con-
struction of these vibrators used to produce sound
in a medium is the. efficiency.of conversion of the
electrical driving energy into the transmitted
acoustical energy. For any vibrator, this. effi~
ciency is highest at the resonant frequency. Ac-
cording.to the previously given relationship

fee O
f=37

for-a simple bar, one-can choose a proper length

for a desired frequency of operation; knowing the
velocity of sound-in the material used. For the:

vibrator -of ‘Pig.- 2' the relationship between fre-
quency ‘and -length ‘is -somewhat more -compli-
cated, but the-resonant frequency is still deter-
mined by the physical dimensions and-the physi-
cal properties of the material used: There:area

number of -different-magnetostrictive -materials,

but:the -same principles-of design -are applicable
to-all'of them.

‘Since these vibrators are- to -be~used-in- the

vicinity of resonance for efficient -energy convers

sion,-another very important point is the rate at-

which' the magnitude of ‘maximum-velocity of vi-

bration drops off ‘from its peak;-at the resonant:

frequency, as the driving frequency wvaries from
the resonant frequency. To make this point clear
consider the curve of Fig. 3 which'shows how the

maximum. velocity -of the radiating face changes:
with' frequency when the vibrator-is being driven-
by-a constant force. THe power radiated into.the-

medium is directly proportional to the.square of

this welocity:  If the peints :fi -and-fe represent :

frequencies :at ‘which: the -vibrator -is :delivering

only one half ‘the power:delivered: at the maxi--

mum; fo; then the quantity:

Jo _

defines -a quantity generally ‘known-as -the me-
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chanical “Q” of the vibrator. If this quantity is
large, the velocity falls off rapidly away from the
resonance frequency, and if small, slowly. The
“Q,” then, of a transducer is a factor of merit.
For most applications, it must be small. The me-
chanical Q of a magnetostrictive transducer is
readily -controlled by the lamination design. It
is determined by the expression:

MW,
R

where M is a quantity determined by the dimen-
sions of -the lamination, and is called the equiva-

Q

_lent “mass, Wo=2rfo, and R is the resistance to
“motion, internal and external, which absorbs en~

ergy from the system. The external resistance is
offered by.-the medium and gives rise to useful
energy -absorption. The internal resistance leads
to a wasteful absorption within the lamination
and the bonding material. It can be held to a
minimum by a proper design.

The ‘mechanical “Q” of  a transducer is, in-a
sense, “a measure -of its loading, ‘and, ‘like any
other electromechanical device, there -is a -best
load for maximum efficiency. Thisbest load is a
function of another very important quantity the
coefficient of- electromechanical coupling. For
magnetostrictive materials, this quantity ranges
from 0:1 to 0.3, depending upon the material, its
degree of magnetization, and its structural form.
If it is-desired to operate-a transducer-at a-low
“Q,” any improvement in the coefficient of ‘elec-
tromechanical coupling, increases ‘the eficiency
of energy conversion and is-an improvement-of
major importance.

Three types of useful lamination constructions
are shown in Pigs. 4; 5 and 6. For all of ‘these
constructions, the dimension b is limited by a

. stiffness requirement for the radiating face, and
© it may well be the same for all of them. -In-dis-

cussing each construction there will be used ‘the
convention that

S1/Sa=m
At resonance, the standing wave system:for the

fundamental form of the construction of Fig. ¢4-is
given by:

0<lax<lb;y=A cos kx

cos kb’
sin ka

bla<lb+2a;y=4 sin‘k (b4 o—2z)

b+2a<x<l2(b+a);y=—Acosklz—2(b44)]

where ¥ is the-.amplitude of displacement .from.
the rest position and k=2#/X, A being the. wave.
length of sound in the material at the frequency
used. The-symbol k is a constant for the par-
ticular magnetostrictive material used as .k.is
fixed by the :properties of the .material of the
laminations. The equivalent mass of this sys-
tem per unit area of the radiating .surface is
given by:

sin 25
sin 2ka

) Jszp(b—]—a

p-is-the density of the magnetostrictive-material.
For this system M, and therefore-“Q” can-be.
varied only by varying the ratio:

S1/Se=m=cot ka cot- kb

An increase -of this ratio beyond ‘the-value 6-is-
not practical because of the stiffiiess requiremernt:
at the radiating face.

At resonance -the standing wave system for the-
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fundamental form of the construction shown in
Fig. 5 is given by:
0<lz<lb; y=4 cos kzx

C b<a<lbta; y=4 ;‘f 7];3 sin k(b+a—z)
bta<e<btatl: y—dA S2E G bbra—z)
cos ka

and its equivalent mass per unit area of radiat-
ing surface is given by:

— sin 2kb
M=p/2<b+“ sin 2ka

sin? kb
cos? ka

+L

For this system, M can be varied only by chang-
ing the ratio Si1/S:=m=cot ka cot kb. _However,
for the same value of m, the value of M is lower
than that for the symmetrical construction of
Fig. 4.

At resonance, the standing wave system of Fig. -

6 is given by:
0<z<lb;y=A cos kx

kb
ka

b<lalbtatq;y=4

cos
in

5 sin k(b+a—=x)

bta+glz<btatg+L;
__ 4 ¢cos kb sin kg
- sin ka cos kL

and its equivalent mass per unit ares of radiating
surface: .

M=p/2[b+<a+q> 4L

A stack constructed of laminations designed ac-
cording to these relations is composed cof-two sec~
tions each of which vibrates as would a solid sec-
tion of a quarter-wave length of sound in the
material at the frequency used, though the actual
length of the sections is not equal to this quarter-~
wave length. Such sections are referred to as
“equivalent quarter-wave length sections” or the
lamination shown in Fig. 6 is said to have a
length of two equivalent quarter-wave lengths.

With this system M may be varied in three
ways: First: by the variation of

m=2S81/Ss=cot ka cot kbf

eos kfz— (b+a-+g+1)]

sin? kb sin? kg
sin? ka sin? kL

sin? kb
sin? ka

Second: by the variation of
m==S1/S2=cot kq cot kL

Though this second method appears to be the
same as the first, it is quite different. In the
expression m=cot ka cot kb, b is fixed by a stiff-
ness requirement and ¢ is the only variable. But
in the practical use of the expression

m=cot kg cot kL

L never becomes small enough to be restricted by
this requirement, so that there are two variables
in this expression. Third: this lamination may
be used with either end as the radiating face—
operating with a low “Q” with the less massive
end acting as the radiator, and with a high “Q”
where the more massive end acts as the radiator.
‘While it appears that the system of Fig. 5 could
be used in the same way, it cannot in practice
because with its massive end in water, it operates
with a “Q” that is too high.

The parallel lines 14 of Fig. 6 indicate a modi-
fication of the lamination consisting of a slot of
width C cut from this section. Into this slot
may be placed a permanent magnet H to provide
a constant polarization for the metal. When the
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6
slot is present, this section is designed according
to
cot kq cot kL=n=83/S>

and the expressiocn for M must be changed slight-
ly to account for the loss in mass. The polarities
for the lamination and the distribution of the
magnetic flux through the lamination have been
indicated by arrows. The form of polarization
shown in Fig. 6 is merely illustrative of one
method of effecting polarization.

The construction of Fig. 6 covers any unsym-
metrical lamination consisting of two sections as
joined at the point x=¥b-a, which point is a dis-
placement node in the vibrator. The one section
being designed according to the formula:

cos kb cos ka=m

and the other section designed according to the
formula:
cos kq cos kL=n

where m and n may or may not be equal; but
qg=xb, and L+a. It will be observed that the de-
sign of Fig. 4 requires that both sections be de-
signed alike, while that of Fig. 5 requires that the
back section be constructed according to the for-
mula

L=\/4

My invention covers an infinite number of con-
structions ail having the common characteristic
of a displacement node in the constricted section,
and an unsymmetrical arrangement of mass
about this section. :

Fig. 6 shows an embodiment of my invention
in which the lamination 8 may be slotted at C to
receive the flat magnet H. The laminations are
stacked to form the magnetostriction transducer
unit represented in perspective view in Fig, 7
where the front face of the stack at {4 and the
rear face of the stack at 5 join by the two sec~
tions & and 5 at opposite sides of the longitudinal
slot 2. Windings 18 and (| are wound on the
legs 4 and 5§ of the stack as indicated. 'The po-
larities and the direction of the magnetic flux
have been indicated by arrows. As heretofore
noted the slot and the magnetic insert may or
may not be included. Fig. 8 is a transverse sec-
tional view on line 8—8 of Fig. 6 and illustrates
more particularly the manner in which flat mag-
net H extends between the rear endg of the lami-
nations 3. ’

In Fig. 9 I have schematically and diagram-
matically shown the manner of protecting the
exciting windings 18 and {{ from the sections
§ and 5 of the magnetostriction unit. The wind-
ings 18 and {{ are wound upon the constricted
sections 4 and 5 but they are protected from con-
tact with the sections 4 ang § by air-cell rubber
pads §, 7, 8 and 9, which cushion the windings (0.
and {1 and prevent contact of the wires with the
sharp edges of the stack. The exciting Aux is
superimposed on the unidirectional polarizing flux
provided by the permanent magnetizing device H.
The polarities indicated are selected for illustra-

3 tive purposes only and it will be understood that

the polarities may be reversed without adverse
effect to the operation. '

In Figs. 104, 10B and 10C I have more clearly
illustrated the theory of operation of the mag-
netostriction unit by illustrating a typical lami-
nation in Fig. 10A with the curves of Figs. 10B
and 18C related thersto. The curve of Fig. 10B
illustrates the theoretical displacement of any
point from a rest position along the length of
the lamination during the compression part of a
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cycle.and progressively-along-the length.of the

lamination and with respect to the portions
thereof designated in Fig. 10A. In.Fig. 10C I have
illustrated by a curve diagram the theoretical in-
ternal stresses in‘the material of ‘the lamination
corresponding to the conditions of Fig. 10B and
the structure of Fig. 10A.

My invention has particular application to un-
derwater sound - equipment.. A’ number of the
stacks constructed in accordance with my inven-
tion may be used to build up-arrays having large
driving surfaces. It is possible to support these
arrays with the stacks directly in the water. Al-
ternately, the stack may be‘enclosed and have the
drawing faces thereof cemented to a rubber dia-
phragm through which vibrations:are propagated
or received. My .invention -also .has application
wherever vibratory motion is to be produced in
any body or fluid.

I have found the magnetostriction unit of my
invention highly practical and efficient in opera-
tion and while I .have described my invention in
certain of its preferred embodiments I realize
that modifications may be-made and I desire it
to be understood that no limitations upon my-in-
vention are intended other than may be imposed
by the scope of the appended claims.

What I claim as new -and desire to secure by
Letters Patent of the United States is as follows:

1. In a magnetostriction: oscillator: system, a
magnetostriction transducer element comprising
a; stack of ‘laminations each having a vibratory
face portion and a constricted portion connectzd
therewith and constructed according to the equa-~
tion:

cot ko eot ka=m
in which
k=constant for the properties of .the particuiar
material of the laminations=2=/x

where

A=wave length of vibrationin the material of the
lamination

b=length of the vibrating face portion of the

laminations _
a=length of the constricted portion of the lami~
nations

m=ratio of the cross-sectional area of ‘section b’

with respect to the cross-sectional ‘area of ‘sec~
tion a.
2. In a magnetostriction oscillator system, an

unsymmetrical magnetostriction transducer ele-
ment comprising-a stack of laminations each hav-

ing a vibratory face portion and -a .constricted.

portion consisting. of two sections joined :at the
point x=b--a where

b=length of the vibrating face portion of the
laminations

a=Ilength of the constricted portion of the lami-
nations

r=distance measured from. the surface of the

forward vibratory face portionalong the length-

of the lamination
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3. In a magnetostriction . oscillator system
including an unsymmetrical magnetostriction
transducer element comprising a stack of lami-
nations each consisting of a light vibratory for-
ward face portion, a more massive vibratory rear-
ward end portion and a restricted leg section join-
ing the two end portions, the lamination being
designed as two equivalent quarter-wave sections
according to the equations

cot kb cot ka=m=S1/S2
for the forward quarter-wave section and
cot kq cot XKL=n=S3/S2
for the rearward quarter-wave section .in :which

k=a constant pertinent to the properties of the
mafterial in the laminations

b=length of forward vibrating end portion of the
lamination

a=a length of restricted portion adjacent te b

Si1=width of forward vibrating face portion

S2=width of restricted portion

Ss3=width of massive end portion

g==a length of restricted portion adjacent the.
rearward massive end portion such that
a-}-g=entire length of restricted portion

L=length of rearward section of lamination,
whereby the vibrational node for the funda-
mental mode of vibration is located within the
restricted leg section

4. In a magnetostriction oscillator system as
set .forth in claim 3 in which the magnetostric-
tion transducer element comprises a stack of
laminations each of which consists of two or
more coplanar sections joined ‘laterally adjacent
to each other to form a single-unit.

5. A magnetostriction oscillator comprising -a
magnetostriction element formed by a stack-of
laminations, each end of said laminations hav-:
ing an acoustically vibratory end :face ‘and -an
adjacent solid end section, a constricted portion-
extending between said solid end sections, a slot-
extending longitudinally between :said -solid end”
sections and within said constricted portion, the
displacement node of the laminations lying-in the
constricted portion of the stack; one of said end
sections having a central slot therein disposed
in alignment with the slot in said constricted
portion and a flat permanent magnetic member
in said last mentioned slot for establishing a uni~
directional magnetic field through -said lamina-
tions.

LEON W. CAMP.
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