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LIGHT MODULABLE CIRCUIT ELEMENT
Irvin E. Fair, Bedminster, N.J., assignor to Bell Telephone
I.aborateries, Incorporated, New York, N.Y., a corpo-

ration of WNew York
Filed Sent, 12, 19690, Ser. No. 55,464
3 Claims, (Ci. 333-—--30)

This invention relates to a novel method and means for
modulating the conductivity of a piezoelectric material.
More spectfically, it concerns a simple, vet effective, proce-
dure for modulating the piezoelectric effect in various
photosensifive materials through the use of licht. While
various uses for such control mechanism will become ap-
parent, the following description is specifically directed
to variable ultrasonic delay lines for which this invention
is particularly well adapted.

This invention is essentially an improvement of the
electromechanical circuit element disclosed and claimed
in copending application Serial No. 23,441 filed April 20,
1960, entitled “Circuit Element.,” That application con-
cerns a novel piezoelectric circuit element as a light modul-

able acoustical or ultrasonic transmitter. The effect of il-

luminating the surface of certain photosensitive piezoslec-
tric materials is to vary the conductivity of the material
as compared with the “dark™ conductivity. This variation
is responsive to a particular range of light intensities and
shows definite maximum and minimum values correspond-
1ng to “dark™ and “light” conditions. The acoustical effect
of varying the conductivity of such a material is a varia-
tion in the acoustic velocity in the material. The variation
1n acoustic velocity may be considered in terms of equiva-
lent “stiffness” of the material. Stiffness in turn may te
considered as a measure of the energy required to physi-
cally deform a body by a given amount. It follows that
superimposing a piezoelectric effect on a given physical
material, due to the amount of energy required to create
the piezoelectric field, results in increasing the “stiffness.”
It further follows that this increase in “stiffness” results in
an increase in the velocity of sound and, therefore, a
decrease in the acoustic delay. Increasing the electrical
conductivity results in shorting out at least a portion of
the piezoelectric field and so reduces the “stiffness,” ulti-
mately, to the non-piezoelectric value for the material
thus resulting in a decrease in acoustic velocity.

In the preferred form of this invention, a piezoelectric
material which also shows the appropriate attendant photo-
electric sensitivity is used as the active element in a vari-
able ultrasonic delay line. The desired variation is
achieved by altering the area of the surface of the active
element exposed to light. In view of the foregoing, the
obvious effect of this is to vary the conductivity of a por-
tion of the element, thus providing a variable control on
the overall acoustic velocity through the material., The
delay time for sound being transmitted through the delay
medium is thus modulated by the extent of the medium
exposed to light. To fully appreciate the advantages of
this particular modulating technique, the piezoeiectric
relaxation mechanism must be considered.

The variation in delay provided by an element by virtue
of its change in piezoelectric quality is considered to be
a relaxation phenomenon. Consistent with this view, it
has been observed that the acoustic velocity variation is
accompanied by an atfenuation peak. The maximum
point of this peak is approximately coincidental with the
most extreme variation in velocity. The presence of this
attenuation peak accounts for the successful operation of

various devices designed to modulate or filter acoustic
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signals. Such devices are fully treated in the application
‘previously referred to. However, when concerned, for
instance, with ultrasonic delay lines to which this inven-
tion is specifically directed, if use is to be made of the
variation in acoustic velocity, the signal will necessarily
suffer an attenuation. This follows since the attenuation
peak accompanies essentially the entire range of velocity
variation. It is practical by this procedure to modulate
from one light condition to the other light condition, i.e.,
from light to dark; however, this provides for only one
variation. If it is attempted to operate at any value inter-
mediate the extremes, attenuation occurs. Consequently,
the light modulating technigue of varying the intensity of
the light to vary the acoustic velocity is not altogether
suitable, |

The present invention eliminates interference from the
attenuation peak and allows for acoustic velocity varia-
tion without attendant losses. This is done as set forth
previously by operating each portion of the element either
at the light condition or the dzrk condition by illuminating
portions thereof. Since the acoustic velocity is slower
in the illuminated portion, the amount of delay will be
directly determined by the relative extent of illuminated
and dark portions of the element. It is seen that no sub-
stantial part of the element is operating in the intermediate
area between the light and dark conditions where the maxi-
mum velocity variation occurs. The entire element s
operating either at maximum or minimum velocity., Ac-
cordingly, the attenuation associated with the range of
velocity variations is avoided.

The foregoing is perhaps more easilv understood when
considered with the aid of the drawings in which:

FIG. 1 is a perspective view of an ultrasonic delay
line utilizing a piezoelectric delay material which mani-
fests a light-modulable conductivity mechanism:

FIG. 2 1s a plot containing a first curve showing

elocity variation and a second curve showing attenuation
both plotted as ordinates and compared with electrical
conductivity along the abscissas

FIG. 3 is a schematic view of an ultrasonic delay line
showing one particular modulating means operating ac-
cording to the principles of this invention: and

FIG. 4 is a schematic view of an additional modulat-
ing means employing an wltrasonic light valve.

FI1G. 1 shows a typical nitrasonic delay line device.
It consists of piezoelectric elements 10 and 11, element
10 being provided with deposited electrodes 12 and 13
and element 11 being similarly provided with electrodes
i4 and 15. Piezoelectric transducers 10 and 11 are
cemented or otherwise affixed to delay element 16, which
is composed of a conduciivity-modulable piezoelectric
material. A feld across fransducer 10 initiates vibra-
tions which are transmuiited through the delay element
16 to transducer 11 where the vibrations produce a field
across electrodes 14 and 15 and an electrical signal ob-
tained. The degree of delay afforded by delay element
16 is light modulated according to the principles of this
invention by the use of izht source 17. A shutter or
other appropriate means 18 is used to vary the portion of
the element 16 which is exposed to the light. Thereby
all portions of element 1§ zre either dark or light. Since
the delay i1s longest witl the entire element in the dark
condition, the degree of delay provided by element 16
is represented as follows:

- 1o
D= Ddﬁrk‘:" t1—Dl'is;.‘:at"" Ddﬂrk) E’:

where D is the delay time of the overall element, Dy,
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is the delay time for the element in the dark condition,
Dyient 15 the delay time for the element in the light con-
dition, E, is the length of the element illuminated, and
E, is the total length of the element.

In FIG. 2, curve A shows the velocity variation with
conductivity or frequency. It is obvious that the propa-
eation of sound through a medium varies with either
parameter independently, The velocity varies directly
with frequency and inversely with conductivity. Hence,
for a given material, the abscissa units i FIG, 2 are
appropriately

vy
K~
&

where K is a constant characteristic of the material, v 18
the frequency and ¢ is the conductivity. The resulting
units are c.c.s electrostatic units. The ordinate units
for curve A are »/vqin, Where v is the velocity 1n cm./sec.
and v is the minimum velocity which can be attained
by varying the conductivity or the frequency in the same
units. |

Curve B in FIG. 2 shows the attenuation peak asso-
ciated with the velocity variation. The abscissa units
of curve B are the same as those for curve A, Curve
B is piotted against « on the ordinate, which is the ab-
sorption constant in ¢m.~! such that the acoustic 1n-
tensity in a wave travelling in the -x direction decreases
in intensity according to the law: I==I; exp. (—ax)
where I—acoustic intensity and Iy=acoustic intensity at
x=0. Therefore, « is a constant for a given material
which reflects the acoustical losses at various conductivity
or frequency values. As stated previously, the peak val-
ues of these losses are associated with conductivity oOr
frequancy values which coincide directly with those values
producing the maximum degree of velocity variation.

Relating FIG. 2 to light conditions, the velocity de-
creases as conductivity increases and conductivity 1n-
creases with lieht. Accordingly, the peak velocity valug,
point X, of curve A can be associated with the “dark”
condition and the minimum velocity value, point Y, of
curve A corresponds to the “light” condition. The in-
tensity of light necessary to reach this condition varies
with the photosensitivity of the material. All points
on the curve A intermediate these extremes have asso-
ciated therewith, an attenuation. Accordingly, 1t 1s seen
that medulating the acoustic velocity, or the correspond-
ing delay, through the use of intermediate light condi-
tions, i.e., light intensity, necessarily produces attenua-
tion losses in the acoustic signal. Consequently, this
modulatine technique, as previously outlined, is not alto-
gether desirable. |

This invention proposes to eliminate any significant
attenuations associated with the velocity transition area
bv operating either at the maximum velocity value,
(“dark” value), point X in FIG. 2 or the minimum ve-
locity value (“light” value), point Y in FIG. 2. As 15
seen at these values, the accompanying attenuation losses
are minimal. Such a modulating procedure is achieved
by operating the delay line element partially illuminated.
By that it is mesant that part of the line is operated at a
licht value corresponding to point Y and the rest of the
element is operated at a dark value corresponding to
point X. No substantial part of the line is operated at
an intermediate licht value, that is, one accompanied by
any substantial acoustic attenuation effects.

FIG. 3 shows one particular arrangement for modu-
lating licht onto the surface of the delay clement. The
delay line 30 is similar to that depicted in FIG. 1. Light
source 31 is directed through convex lens 32 of a naturc
so as to provide a parallel beam and direct 1t through
shutter 33. The light emanating from the shutter is di-
rected through convex lens 34 which focuses on the
delay element 30 which, as seen, is partially iliuminated.
The shutter 33 is operated by the arm of galvanometer
35, which in turn is energized by voltage source J39.
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Potentiometer 37 is the ultimate control mechanism for
varying the swing of the galvanometer and hence the
nortion of the delay element 30 illuminated. The poten-
tiometer may conveniently be calibrated directly In per-
centace of the area of the delay element illuminated or,
more directly, in terms of the delay time.

FIG. 4 shows an additional means for varying the
portion of the delay element illuminated. In this em-
bodiment light source 40, is focused through converging
lense 41 throuch an ultrasonic light valve or shutter in-
dicated generally at 42. This device utilizes a transparent
liquid medium 43 in which ultrasonic waves are inducad
by transducer 44. The extent of the ultrasonic waves
across the medium, shown schematically at 43, deter-
mines the degree of the shutter or grating effect. Ultra-
sonic absorber 45 is disposed at the opposite end of the
nltrasonic light valve. The light permitted through the
valve 42 is focused by converging lense 46, through slit
47, another converging lense 48, onto the delay element

49, This device provides an accurate means with very
short response for electronically modulating the light onto

the delay element. |

While any appropriate means may be employed for
illuminating a portion of the delay element, it i1s 1mpOI-
tant that the separation between the light and dark por-
tions be distinct and that reflections tending to partially
illuminate the otherwise dark areas are minimized. TO
this end, any medium or surfaces surrounding the delay
line should be nonreflective or dull black. This is to
eliminate the possibility of any substantial portion of the
element being subjected to light having the intermediate
intensities with which significant attenuation is associated.

The materials appropriate for use as the delay ele-
ment are those which exhibit piezoelectric properties and
which are additionally capable of exhibiting simultaneous
photoconductive properties. Exemplary of such materials
are cadmium sulfide and zinc oxide which are particu-
larly adapted to this invention. These materials and
their properties of interest are described in detail in
United States Patents 3,090,876 and 3,093,758 issued May
21, 1963, and June 11, 1963, respectively. Additional
materials will be apparent to those skilled in the art.

Whereas the terminology used herein refers to “light”
and “dark” states, it should be appreciated that *light”
requires light of an intensity sufficient to obtain substan-
tially the maximum value of photoconductivity permit-
ted by the photoconductive delay element while “dark”
refers to a light state below that at which any substan-
tial degree of photoconductivity occurs.

It will be obvious to those skilled in the art that the
piezoelectric, photoconductive delay element must be
properly oriented with respect to the direction of propa-
pation of the acoustic signal through it in order to estab-
lish a piezoelectric field. Thus, the piezoelectric delay
element in FIG. 1, for instance, must be oriented so that
one of its piezoelectric axes lies substantially in a direc-
tion extending between the transducers. The appropri-
ate crystallographic directions for materials adapted for
this invention are well known in the art.

Whereas this invention has been described in its rela-
tion to ultrasonic delay lines, other uses which employ
a control mechanism of light modulating the piezoelec-
tric properties of materials according to the principles
as set forth herein are considered to be within the scope
of this 1nvention.

What is claimed is:

1. A variable ultrasonic delay line which comprises a
pair of piezoelectric transducers, a piezoelectric, photo-
conductive medium arranged between said pair of trans-
ducers so that an electric field applied across a first of
said pair of transducers, resulting in a field in said sec-
is transmitted throuch said medium into the second of
said pair of transducers, resulting in a field in said sec
ond transducer, said acoustic signal initiating a piezo-
electric ficld in said medium, and means for varying the
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velocity of said acoustic signal through said medium which
further comprises variable illuminating means associated
with said element adapted to illuminate a varying por-

tion of its surface, said illuminating means having a .

light intensity sufficient to provide substantially the maxi-
mum photoconductivity attainable in the portion of the
photoconductive element so illuminated, and means for
maintaining the remaining portion of said element at a
light intensity below that at which any significant degree
of photoconductivity occurs in said portion so that the
degree of delay time provided by the line is represented
by: | |

D= Dyari+ (D132nt — Dyark) =

where D is the delay time of the over-all line, Dgare 18
the delay time for the line in the dark condition, Diignt
18 the delay time for the line in the light condition, E,
i1s the length of the line illuminated, and E, is the total
length of the line. |

2. The device of claim 1 wherein the said medium
1s zinc oxide.

5. The device of claim 1 wherein the said medium

1s cadmium sulfide.
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