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The present 1nvent10n lelates to electrical sys-
tems, and more particularly to oscillatory sys-
tems employing electromechanical vibrators,
such as. piezo-electrical crystals. The present
application is a continuation in part of applica-
tion Serial No. 551,665, filed July 18, 1931,

Piezo-electric crystals execute mechanical" vi-
brations under vibratory electrical stimulus and,
conversely, develop élcctrical potentials as a re-
sult ‘of mechanicel ‘vibrations. They 'have, in
general, a- plurality of -particular modes or
periods of mechanical vibration, of different fre-
quencies. * A relatlvely small number of these
modes are more or less dominant, and a very
much larger number are subsidiary. The longi-
tudinal and the transverse modes of vibration of
lowest or gravest frequencies, for example, are
dominant modes. In order to'avoid cucumlocu—
tion of language, these dominant modes of vibra-
tion, together with their overtones or harmonics,
will ‘be referred to, in the specification and the
claims, as the natural or the resonant fre-
quencies of the crystal.

When an oscillatory circuit is under the ‘con-
trol of a piezo-electric crystal, it oscillates at a
frequency substantially eéqual to the ‘frequency
of one of théese natural or resonant frequencies.
Hetetofore, however, the frequency of the oscilla-
tions has not been exactly equal to the natulal
crystal flequency, and the prior-art systems are
not capable of operation- at thbse natural fre~
quencies,

An object of the present invention is to p1ov1de
a new and improved electromechanical oscilla-
tory system the freauency of the oscillations of
which shall exactly, or within exceedingly small
limits,—as small as may be desired, and smallér
than has'ever been the case heretofore;—be equal
to a natural frequency of mechanical vibration
of the crystal. '

One reason for the failure of the prior-art os-
cillatory circuits to oscillate at the resonant fre-
quency of the crystal has been due to the pres-
ence of a gap between the crystal and its elec-
and another object of the invention,
therefore, is to compensate for the effects of the
capacitance of this gap. There are, however,
other disturbing capacitances in the circuit, such
as the effective capacitative reactances between
the grid, the filament and the plate or other elec-
trodes of the vacuum tube connected in the cir-
cuit. Though the effects of these cther capaci-
tances are minor in magnitude compared with
the effect of the capacitance of the crystal gap,
they may prove to be quite serious under circum-
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stances where they are the effects of the only

residual capacitances left in the circuit, as when |

the crystal electrodes are silvered to the crystal

faces, so that there is no crystal gap. “A further

object of the invention, therefore, is to-compen-
sate for the effective reactance of the circuit as a
whole, including the vacuum tube or tubes.

‘When the crystal vibrates at its natural or

resonant frequency in a circuit controlled by the
crystal, the circuit oscillates very freely, and a
further object of the invention, accordingly, is to
provide a: new and improved freely oscillatory
systéem of the above-described character.
" A further object is to provide a new and im-
proved oscillatory circuit of very great stability
of frequency, for use wherever such stability is
desirable, as in connectwn w1th wave or fre-
quency standards.

Other and further obJects w111 be explained
he1e1nafte1 and will -be particularly pointed out
in the appended claims.

The invention will'now be deéscribed in connec-
tion with the accompanying drawings, in which
Fig, 1 is -a" diagrammatic view of -circuits and
apparatus illustrating one-arrangement accord-
ing to the. present invention; Figs: 2 to 6 are

views ‘of further embodiments; and Fig. T is a

plot of'a phase-shift curve, illustrating the oper-
ation of circuits embodying the present invention.
"The preferred form 'of electromechanical vi-
brator. is illustrated "as a piezo-electric-crystal
plate 2, adjacent to the opposite sides or surfaces
‘of whlch are positioned opposed conducting elec-
trodes; terminals or plates 8 'and 12 by means of
which the vibrator is adapted to be-connected
in an electric’ circuit.” The electrodes 8 and 12
are preferably disposed substantially perpendicu-
lar to an electric axis of the ¢rystal. - In Figs.' 1,
5 and 6, the electrodes 8 and 12 are shown in
intimate contact with the crystal. ~ This may be
brought about by silvering, by chemical deposi-
tion, or in any other desired way. -In Figs. 2, 3
and 4, on the other hand, one or both electrodes
§ and 12 Is or are shown separated from the

crystal, so‘as to: provide a gap. It will be under- 4

stood that the illustrated arrangements are not
‘exclusive, and that the crystal-electrode ar-
rangement illustrated in any of these figures may
be used in any other. Figs. 4 and 5, for example,
illustrate the same ‘c1rcu1‘t except that in Fig. 4,
there is a gap between the crystal and one or
both electrodes 8 and {2, but in Fig. 5, there is no
such gap.

A vacuum tube 24 is diagrammatically shown in

Figs. 1, 4 and 5 provided with three sensitive:
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elements or electrodes, namely, a filament 26, a
grid 28 ahd a plate 30. This, however, is for
illustrative purposes, as the vacuum tube may
have additional elements or electrodes, such as
the screen-grid electrode 29 of Figs. 2, 3 and 6.
The filament 26 is connected with a filament-
heating battery 3f. The external input or grid
circuit may be defined as the circuit between the
filament 26 and the grid 28 that is external to the
tube 24. The internal input circuit is the circuit
between the filament 26 and the grid 28 inside the
tube 24. (In Figs. 2 and 3, the external input
circuit is shown comprising, also, a winding 80
shunted by a tuning condenser 82.) In Fig. 1, the
external plate or output circuit extends from the
filament 26, by way of a conductor 33, to a

terminal 84; and from the terminal 84, through-

a plate battery 32, by way of a conductor 35, and
through an output winding 12, to the plate 30.
The internal output circuit is wholly in the tube,
between the filament 26 and the plate 30. In
Figs. 2 and 3, the external output circuit is shown
containing also a resistor 74 in series with the
battery 32, the conductor 35 and the winding 12
being in a branch circuit. When the terms “in-
put circuit” and “output: circuit” are employed
hereinafter, in the specification and the claims,
the corresponding external circuits will be re-
ferred to, except where the internal circuits are
specifically designated. In all cases, the purpose
of the element .14 is to diminish the radio-fre-
quency current flowing through the battery. cir-
cuit. = This element also serves to reduce the
possibility of the circuit operating at extraneous
or spurious frequencies. The windings 89 and 72
are inductively coupled in Figs. 2 and 3, but not so
in Fig. 1, which represents one form of Pierce
circuit. The winding 72 of Fig. 1 may be shunted
by a tuning condenser (not shown). .

JIn. the Pierce circuit of Fig. 1, the crystal 2
is shown disposed in the input circuit., . In Figs. 2
and 3, however, the crystal is disposed in the said
branch of the output circuit, in parallel with the
plate battery 32.and element 14, N

The tuning input condenser 82 of Figs. 2 and 3,
or the corresponding . tuning output condenser
(not shown) of Fig. 1, in parallel to the winding
12, may be. so appropriately adjusted, and the
parameters of the circuits so chosen, that the
current in the winding 12 of the plate or output
circuit of the tube shall be a maximum at a natu-
ral frequency of the piezo-electric vibrator, In
the case of Figs. 2 and 3, a voltage will be induced
in the winding 80. This voltage is impressed on
the grid.28 and appears in amplified form in the
ocutput circuit.. The system will then oscillate
at and very near to the natural or resonant fre-
quency of the crystal, with a frequency deter-
mined by that mode of vibration of the vibrator
corresponding to the said natural or ‘resonant
frequency, though it will not oscillate in the ab-
sence of the crystal. The system will oscillate
even though the parameters be varied within
quite wide limits, and the frequency will be main-
tained substantially constant irrespective of vari-
ations in plate or filament voltage, load or other
factors. . -

At and near the natural or resonant frequency
of the crystal 2, its impedance is very low, and it
behaves as an electric circuitof the series-resonant
type, that is, as a pure resistance.

"Since the crystal and output coupling coil 72 of
Fig. 2 are in series, the current in the coil and the
current through the vibrator are one and the
same. Since feedback is produced by the current
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in the coupling coil, acting through the mutual
inductance to the grid circuit, and as this current
is the crystal current, the feedback must evi-
dently depend on the current through the crystal.
The impedance in series with the battery pro-
vides no path through the coupling coil, so cur-
rent in this impedance cannot introduce a voltage
into the grid circuit by virtue of the mutual in-
ductance. Furthermore, the crystal being of low
impedance under the conditions of operation,
the voltage across the series impedance is low.
This, combined with the fact that a-screen-grid
tube is used to reduce the capacity coupling bhe-
tween the grid and the plate, reduces the trans-
fer of voltage to the grid circuit by way of the
tube, grid-to-plate capacity. As the reduction

‘1s considerable, however, the feedback takes place

substantially through the mutual inductance only
that is provided for that purpose, and depends
on the current through the vibrator.

According to the arrangement of the elements
llustrated in Fig, 2, therefore, when the reac-
tion of the crystal 2 is purely resistive, the feed-
back voltage, being made dependent wholly upon
the current through the crystal, is not depend-
ent on the voltage developed across the crystal
and its air-gap capacity.

If there were no impedance 14 in series with
the battery 82, the ecrystal would be short-cir-

‘cuited and the system would be inoperative.

Some impedance is, therefore, used to reduce the
radio-frequency current flowing through the bat-
tery circuit, and this impedance 14 is chosen suf-
ficiently large so that the radio-frequency cur-
rent through it is small in comparison with that
through the crystal. This impedance is, how-
ever, much lower than that employed in other
circuits; that is, it is much lower than the value
required to produce oscillations by the feed-
b‘ack.of energy from the output circuit to the
input circuit by way of the plate-grid capacity
of the tube.. The impedance in the output circuit

is very low, compared with the internal plate

resistance of the tube, and of only a very few
hundred ohms, at the resonant frequency of the
crystal, at which frequency the system oscillates,
feed-back being obtained through the mutual
inductance, or magnetic feed-back,

If the system were arranged with the crystal
in series with the source, and shunted by a high-
impedance path (for the plate current of the
tube), there would be two possible conditions of
operation; first, the cutput impedance would be
a minimum, as previously described, and oscil-
lIation would be obtained by virtue of the mag-
netic feed-back; and, secondly, the frequency of
oscillation would change so that the output im-
pedance would be very high, giving low output
current, but high output voltage; feed-back
would then take place through the grid-plate
capacity of the tube whether or not g screen-
grid tube were used. By making the impedance
shunting the crystal so low that this second con-
dition of oscillation cannot be maintained, op-
eration is insured to be in the desired manner, as
described. TFor example, the resistance of the
crystal may be 400 ohms and the impedance of
the resistor 74 may be 1,000 ohms.

An inductor 86 is shown, in Fig. 3, inserted
in series with the coupling inductor 12, in series
with the crystal, and in parallel to the battery
32 and the resistor 74. This inductor 86 is of
such reactance as to produce series resonance
at the natural crystal frequency with the ca-
pacitance of the gap, the inductance 86, in gen-
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eral, being much greater than the coupling m-
ductor 72.

The impedance 86 may be.a variable: induct-
ance, such as a:variometer; a: fixed .coil, or a

combination, of . inductance and capacitance of:

values such as to vield: the desired effective in-
ductance. When the gap is not appreciable, this
inductance may, for some purposes; be omitted.

The effect of the capacity of.the gap between
the crystal 2.and-its electrodes.on the frequency
of: the svstem is thus neutralized,:

There are several advantages resultmg from
this arrangement. First, a greater amplitude
of oscillation is thus rendered possible; second-

ly, the system will oscillate at a frequency that

exactly, or within. as very small limits as may

‘be desired, is the same as the ‘natural or reso-
nant frequency of the crystal; thirdly, the fre-.

quency. stability, or the degree of control of fre-
quency by the crystal, is greatly improved; and
fourthly, it is found that. when the crystal is
operated at or very near to its natural, resonant
frequency, the changes of frequency, with varia-
tions in temperature, are smaller than in pres-
ent-day systems..- - The two' last-named advan-
tages render: the. oscillator particularly advan-
tageous .for use in frequency standards. - The

‘third advantage may be made more clear by re-

ferring: to the phase-shift curve of Fig. 7, where
f1-represents the point corresponding to series
resonance in the quartz and f2 the point corre-
sponding to shunt resonance in the quartz. The
abscissa represents frequency in per cent of the
resonant frequency fi, and the ordinate the phase
angle of the series-resonant element. The fre-
quency of the oscillations, under the conditions

" described, corresponds to: operation at the point

P, where the curve is steepest, corresponding
to a zero phase angle. and series resonance in
the crystal-2. = The frequency usually. resulting
with present-day oscillators corresponds to op-
eration in the region of a point such as Q, Fig. 3,
corresponding to between 70 ‘and 90 degrees
phase angle. - If there is any'tendency for the
system to depart from the above-described ideal
conditions, ‘the crystal, owing to the position of
the point P, is able to overcome the changed con-
ditions with a very much smaller change of fre-
quency of the system than is true at the point Q.
As is clear from the curve, the permissible range
of phase angle. may be as great as about 45
degrees..

Further discussion of ttus phase shift-curve
will be found hereinafter.

The. discussion heretofore has been upon the
supposition that the feed-back between the out-
put and input circuits is wholly inductive, and
effective: through.the windings 12 -and 80.. As a
matter of fact, ordinary vacuum tubes have also
a capacity feed back between their plates 39 and
their grids 28, as indicated in dotted lines, in Figs.
1, 4 and 5, by the condenser 92. The effect of
this plate-to-grid-capacity feed back. is to pro-
duce, in the output circuit, an undesired- shift in
the phase of the current with respect to the out-
put voltage, and this would prevent the system
from operating at-the true resonant frequency-of
the crystal. - The capacity feed back depends on
the voltage developed across the plate-load. im-
pedance, which is here very low, while inductive
feed back depends on;the current through.the
plate-load impedance, which is here high and
which is directly dependent upon the perform-
ance of .the- crystal.” The feed-back is conse-
quently practically dependent upon the crystal

3

performance, particularly for low frequencxes
Different tubes would, however, introduce differ-
ent capacity effects for the'same crystal. At the
lower frequencies, this is not serious. For other
frequencies, however, of the order of several hun-
dred kilocycles and higher, the effect of the plate-
to-grid capacitance may be neutralized or elimi-

‘nated in'any desired way. ' In Figs. 2 and 3, this

15 illustrated as effected by.using a screened- -grid
tube, the screening element of which is shown at
29, greatly to reduce, rather than to neutralize,
the capacity feed back.' Provision is made, as
already explained, to provide'magnetic féed back
controlled by: current through the crystal, instead
of capacity feed back.:

* But: vacuum' tubes have also other effective
capacitative reactances than the reactance indi-

‘cated by the condenser 92 in Figs. 1, 4 and 5.
“There are, for example, additional capacitances

between the filament 26 and the grid 28 and be-
tween the filament 26 and the plate 30.

' The circuits have:also. other capacitative reac-
tances of small order. of magnitude. Where a
gap between the crystal 2 and its electrodes 8 and
(2 is provided, as in Figs. 2, 3 and 4, the reactance
of this gap is sufficiently great so ‘that the dis-
turbing: effects produced by .these other capaci-
tances: are. entu ely .negligible: by comparison.
Where there is no such gap, as in Figs: 1,5 and 6,
however, it is necessary greatly to reduce or-neu-
tralize, the effects of these additional reactances
before .the crystal can vibrate at a natural or
resonant frequency without interference from the
other electrically disturbing effects.of the circuit.

In all.cases, it will be noted, series resonance is

- produced with the effective reactance of the cir-

cuit as a whole, including the crystal gap, if any,
and the effective tube reactance,

To illustrate this, reference may now be made
to Fig..1, disclosing a Pierce circuit of the type in
which'the crystal 2 is connected betweéen the fila -
ment and the grid, and in: which, therefore, the
reactances of the external input and output cir-
cuits. are inductive when. oscillations:are pro-
duced. Since the input circuit must be inductive;
and since the crystal acts as a pure resistance at
series resonance, a further additional and. rela-
tively small.inductance 24 is necessary to balance
the other disturbing capacifative elements before
described, thus to permit the system to oscillate.
This inductance 94 should be equal and opposite
to the effective series input capacity reactance
between grid and filament of the tube, in order to
produce series resonance,

If there were an air gap in series w1th the crys-
tal, an additional inductance (not shown in Fig,.
1, but shown in 86 in Fig, 3) would be necessary
in order to produce series resonance with the air
gap -capacity of the -crystal. Such additional
balancing inductance is not necessary in Fig. 1,
because there is no crystal air gap when the elec-
trodes 8 and 12 are-in mt1mate contact with the
crystal.

In the case. of Flgs 2 and 3 s1m11arly, where
the crystal 2 is connected between the filament
and theplate, if there were no crystal air gap, the
additional inductance (not shown) would be of
such.value as to produce series resonance with
the effective scries output reactance of the tube.

.To employ general language, applicable to both
the effective, series, input reactance and the ef-
fective, series, output reactance, the balancing
inductance may be said to be of value such as to
effect series resonance with the effective, series
reactance of the tube and the circuit in combina-
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4
tion; or, more simply, to effect series resonance
with the effective, series reactance of the circuit,
including the tube in this designation of “circuit”.

Were the effective, series, input or output reac-
tance inductive, instead of capacitative, as would
pe the case with circuits having other devices
than vacuum tubes, or using other types of elec-
tromechanical vibrators, series resonance would
be produced by adding a suitably valued capaci-
tance instead of an inductance 86 or 94.

It will now be clear also that the invention is
applicable to systems in which the crystal is con-
nected otherwise than as is illustrated in Figs. 1,

2 and 3, as explained in the said application. In -

connection with Fig. 4 of the said application, for
example, the conditions to be satisfled are that
the inductive reactances in the grid and the plate
circuits plus the capacity reactance of the crystal
air gap (if there is one) are zero at the time that
the reaction of the crystal becomes purely resis-
tive. The system will then oscillate at the nat-
ural frequency of the crystal.:

In the grid-plate-crystal-connected systems of
Figs. 4, 5 and 6, as in the systems of Figs. 1, 2 and
3, there is the same fundamental objective of
having the frequency of oscillation exactly the
same as that of the natural resonance frequency
of the crystal, or as near thereto as may be
desired.

The systems of Figs. 4, 5 and 6 are preferred
embodiments of modified Colpitts circuits, the
former employing a three-element tube and the
latter a four-element tube. In both circuits, the
elements shown in heavy lines comprise the major

frequency determining portion of the systems. -

The erystal is disposed in series with the coil 86,
and both the crystal and the coil 86 in parallel
with a tuning condenser 103 in the plate circuit
and a condenser 102 in the grid circuit. The grid
and the plate circuits are thus coupled by the coil
86 and the crystal. In the absence of the coil 86,
therefore, these systems correspond to Colpitts
oscillators, in. which the inductance coil is re-
placed by the crystal.

In the absence of coil 86, the system operates
at such a frequency that the inductive reactance
of the crystal is equal and opposite to the sum of
the reactances of the condensers {02, 103, includ-
ing- any modifications of these capacities due to
the effective tube capacitances. By suitable choice
of the values of the elements 102, 103, the effects
of the variations in effective tube capacities may
be made exceedingly small.

The stability of the system may be very greatly
improved through the use of the coil 86, of suit-
able value, connected in series with the crystal.
The value of inductance in coil 86 should be such
as to give a reactance equal and opposite to the
sum of the reactances of the condensers 102 and
103,including any modifications of these capacities
due to the effective tube capacity. The term “re-
sultant capacitance” or its equivalent will be em-
ployed to designate the reactance of the con-
denser 102 or 103 as so modified.

The corresponding conditions to be set'up here,
therefore, are that the reactances of the capaci-
tances 102, 103, the inductance 86, and the ca-
pacitance of the crystal gap, if there is one, or of
the corresponding reactance, if there is no air
gap, shall be zero at the time that the reactance
of the crystal becomes zero.

In the absence of coil 86, the sysiem must here,
too, operate at a frequency corresponding to a
point such as Q, Fig. 7, where the inductive reac-
tance of the crystal is large. The slope of the

2,012,497

curve must be positive, as shown by the tangent
line AB at the point Q, if the crystal is to exert
stabilizing control on the frequency of the system.
It is evident that, at the point Q, the slope of the
curve is much less than at the point P, for exam-
ple, corresponding to true resonance in the quartz,
The slope at the point P is indicated by the tan-
gent line CD, which is nearly vertical.

The point Q corresponds to conditions where
the crystal must not only stabilize the frequency,
but must, as has been the case heretofore, also
furnish all the necessary inductive reactance for
the functioning of the oscillator. The latter re-
quirement has been detrimental to the best func-

tioning of the crystal as a control or stabilizing

element. According to the present invention, this
requirement is more logically met by a circuit ele-
ment, such as the coil 86, external to the crystal.

If the coil 86 is inserted, of proper value to give
the necessary inductive reactance for the func-
tioning of the circuit as a drive, then the crystal
may be left free to operate solely as & control or
stabilizing element, and under conditions where
it may attain a far higher degree of control than
in prior-art systenis. These conditions are met
when the coil 86 is given such a value-that the
irequency of operation of the system corresponds
to the point P on the crystal phase-shifi charac-
teristic, corresponding to operation at the exact
natural frequency of the crystal. It Is evident,
also, that, if the adjustment of the coil 86 is not
exactly made to meet these conditions, but is ad-
justed so that operation takes place at a point
such as R, corresponding to less than apout 45
degrees, the control or stabilizing effect of the
crystal is practically as good as at the point P,
but the frequency of the systeni differs from the
true resonant frequency of the crystal by only an
exceedingly small amount, this difference being
many times smaller than the difference repre-
sented in normal operation in all prior-art sys-
tems.

The system represented in Fig. 5 is subject to
modifications in frequency of oscillation caused
mainly by variations in the plate-filament and
grid-filament resistances of the tube.

The embodiment indicated in Fig. 6 overcomes
in a large meéasure the modifications produced by
the variations in plate-filament resistance. This
is because the plate-filament resistance of the
screen-grid tube, employed as an amplifier, is
many times higher than in three-element tubes,
so that its effect on the frequency is greafly re-
duced and this plate-filament resistance is, fur-
thermore; more nearly constant than in three-
element tubes. The corresponding modifications
caused by variations in grid-filament resistance
may be entirely overcome by arranging the sys-
tem so that at no time does grid current flow.

Though the circuit of the present invention is
capable of operating at exactly: the natural fre-
quency of the crystal, it may not do so unless it
is properly adjusted. Statements of the condi-
tions to be met in the circuit in order to realize
operation at exactly the natural frequency of the
crystal, namely, that the reactance of the coil
shall be equal and opposite to the reactance of
the crystal air gap, assuming that the air-gap re-
actance is the largest disturbing factor, may be
made, and be correct theoretically. These con-
ditions may not necessarily, however, be met in
practice. The Pierce circuit, illustrated in Fig.
1, for example, without the inductance 94, is in-
capable of operation at exactly the natural fre-
quency of the crystal. The circuit disclosed, how-
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ever, with a suitable value of the inductance 94,
is capable of so operating.

For a given crystal, operating at a single fre-
quency, the above conditions may be met experi-
mentally. For crystal oscillators of very precise
type, where accuracy and stability are para-
mount, this experimental adjustment of the sys-
tem will readily be effected. A further advantage

is gained by the use of the coil 86, or 94, since most

of such oscillators-are of low frequency, with a
consequent emphasis on the effect of the air-gap
capacity. When a given oscillator is to be used
with many crystals, however, which requires the
use of individual coils 86 and 94 for overcoming
the individual air-gap reactances, commercial re-
quirements may demand -that the coil be some-
times omitted for some purposes. Under such cir-
cumstances, the frequency of operation will be
near and very close to the exact natural frequen-
cy.. In all cases, the frequency may be made as
near to the exact natural frequency as may be de-
sired by suitable choice of the inductance 86 or 94.

The present invention, therefore, provides an
electric system comprising an electric circuit that
is not, in itself, oscillatory in the absence of the

- vibrator, in combination with a vibrator, the con-

nections being such that the resulting system may
be operated at a frequency equal to the frequen-
cy of one of the modes of natural mechanical
vibration of the vibrator, or as close thereto as
may be desired.

One use of the invention as a wave standard
has already been mentioned. - It may be used also
in many other applications, as in monitoring
equipment for broadcasting stations, and it is
particularly useful when high stability of fre-
quency is required.

Other uses and applications and other modifi-
cations within the scope of the present invention
will readily occur to persons skilled in the art.
It is therefore desired that the above-described
embodiments of the invention shall be regarded
as illustrative of the invention, and not restric-
tive, and that the appended claims shall be con-
strued broadly, except insofar as it may be nec-
essary to impose limitations in view of the prior
art.

What is claimed is:

1. An oscillatory system having, in combination,
an electric circuit, a piezo-electric crystal having
electrodes, there being a gap between the crystal
and the electrodes, means for connecting the
electrodes with the circuit, and an additional in-
ductance in series with the gap, the additional

inductance and the capacity of the gap being in

series resonance at the frequency of the mechan-
ical vibrations of the crystal.

2. An oscillatory system having, in combina-
tion, an electrical device having an internal
capacity, an Gnput circuit and an output circuit
therefor inductively coupled together, an in-
ductance in the output circuit, an electrome-
chanical vibrator, and means connecting the
electro-mechanical vibrator only in. the output
circuit in series with the inductance, the output
circuit having an impedance of value so low as to

-be insufficint for the production of oscillations by

the feed-back of energy from the output circuit
to the-input circuit by way of the internal capac-
ity of the electrical device.

3. An oscillatory system having, in combina-
tion, a vacuum tube having a filament, a grid and
a plate, an input circuit in which the filament
and the grid are connected, an output circuit in
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which the filament and the plate are connected,
the input and the output circuits each having a
winding, the windings being coupled together, a
source of energy in the output circuit, an alternat-
ing current impedance in series with the source,
the alternating-current impedance being rela-
tively low compared with the alternating-current,
internal plate resistance of the tube, and an elec-
tromechanical vibrator, the vibrator and the out-
put winding being connected in parallel with the
source and the impedance.

4. An oscillatory system having, in combina-
tion, an electric circuit, an electromechanical vi-
brator having electrodes, there being a gap be-
tween the vibrator and the electrodes, means for
connecting the electrodes with the circuit, and
means for causing the system to oscillate and the
vibrator to vibrate at a frequency at which the
impedance of the vibrator is substantially purely
resistive, said means comprising an inductance
connected with the circuit and having a value
such that'the total reactance of the system, in-
cluding the reactance of the gap, is substantially
equal to zero at said frequency.

5. . An oscillatory system having, in combina-
tion, an electric device having an internal capac-
ity, an input circuit and an output circuit each
having a winding, the windings being inductively
coupled together, a source of energy in the out~
put circuit, an impedance, and an electromechani-
cal vibrator, the vibrator and the output winding
being connected in parallel with the source and
the impedance, the impedance being so low as to
be insufficient for the production of oscillations by
the feed-back of energy from the output circuit
to the inpuf circuit by way of the internal capacity
of the electrical device.

6. An oscillatory system having, in combina-
tion, a vacuum tube having a filament, a grid and
a plate, an input circuit in which the filament and
the grid are connected, an output circuit in which
the plate and the filament are connected, the in-
put and the output circuits each having a result-
ant capacitance, means for preventing the feed
back of energy from theé output circuit into the
input circuit through the tube, a piezo-electric
crystal having electrodes, there being a gap be-
tween the crystal and the electrodes, means for
connecting one of the electrodes to a point in the
grid circuit and the other electrode to a point in
the plate circuit, and an impedance connected in
series with the crystal, the reactance of the im-
pedance being equal and opposite to the sum of
the reactances of viie total input and output ca-
pacitances and the reactance of the gap at the
time that the reaction of the crystal becomes
purely resistive, whereby the system will oscillate
and the crystal will vibrate at a natural frequency
of mechanical vibration of the crystal.

7. An oscillatory system having, in combina-
tion, a vacuum tube having a filament, a grid and
a plate, an input circuit in which the filament and
the grid are connected, an output circuit in which
the filament and the plate are connected, the in-
put and the output circuits each being provided
with a condenser having a resultant capacitance,
the input-circuit condenser having a side con-
nected to the filament and a side connected to the
grid, the output-circuit condenser having a side
connected to the filament and a side connected to
the plate, a winding and an electromechanical

. vibrator connected as a combination in series and

one terminal of the combination being connected
to the grid side of the input-circuit condenser and
the other terminal of the combination being con-
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nected to the plate side of the output-circuit con-
denser, the inductance of the winding being such
as to cause the vibrator to vibrate at substantially
an exact natural frequency of mechanical vibra-
tion of the vibrator.

8. An oscillatory system having, in combina-
tion, a vacuum tube having an input circuit and
an output circuit, a piezo-electric crystal con-
nected in the input circuit, the crystal having a
reactance of value substantially equal to zero at
the frequency of the oscillations of the system,
and an inductance in the input circuit having a
value such as, when combined with the reactance
of the crystal, to render the total input reactance
of sufficient magnitude to produce sustained os-
cillations in the system.

9. An oscillatory system having, in combina-
tion, vacuum-tube apparatus having an input
circuit and an output circuit each provided with
a condenser having a resultant capacitance, the
condensers each having two terminals, one ter-
minal of one condenser being connected with one
terminal of the other condenser, and an electro-
mechanical vibrator and an inductance connected
as a combination in series, one terminal of the
combination being connected to the other ter-
minal of one condenser and the other terminal
of the combination being connected to the other
terminal of the other condenser, the inductance
having a value such that it is in series resonance
with the effective series reactance of the vacuum-
tube apparatus, the input circuit and the output
circuit at the frequency of the mechanical vibra-
tions of the vibrator.

10. An oscillatory system having, in combina-
tion, a vacuuny tube having a filament, a grid,
a plate and a screening electrode, an input cir-
cuit in which the filament and the grid are con-
nected, an output circuit in which the filament
and the plate are connected, means including
said screening electrode for shielding the grid
from the plate to reduce undesired feed-back of
energy from the output circuit to the input cir-
cuit through the tube, the input and the output
circuits each being provided with a condenser
having a resultant capacitance, the input-circuit
condenser having a side connected with the fila-
ment and a side connected with the grid, the
output circuit condenser having a side connected
with the filament and a side connected with the
plate, and an electromechanical vibrator and an
inductance connected as a combination in series,
one terminal of the combination being connected
to the grid side of the input-circuit condenser and
the other terminal of the combination being con-
nected to the plate side of the output-cirenit con-
denser, the inductance having a value such that it
is in series resonance with-the effective series re-
actance of the vacuum tube, the input circuit and
the output circuit at the frequency of the me-
chanical vibrations of the vibrator. :

11. An oscillatory system having, in combina-
tion, a vacuum tube having an input circuit and
an -output circuit, a piezo-electric crystal con-
neated in the input circuit, and an inductance
in series with the crystal and having a value such
as to produce oscillations in the system at a fre-
quency at which the phase angle between the
voltage across the crystal and the current through
the crystal is less than substantialiy forty-five
degrees.

12, An oscillatory system having, in combina-
tion, a vacuum tube having an input circuit and
an output circuit, a piezo-electric crystal con-
nected in the input circuit, and.an inductance
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in series with the crystal and having a value such
as to produce oscillations in the system at a
frequency at which the phase angle between
the voltage across the crystal and the current
through the crystal is substantially equal to zero.

13. An osciilatory system having, in combina-
tion, an electric circuit, a piezo-electric crystal,
and means for causing the system to osciliate and
the vibrator to vibrate at a frequency at which
the reaction of the crystal is substantially purely
resistive comprising an inductance connected in
series with the crystal and having a value such
that it is in series resonance with the effective
series reactance of the circuit at the said fre-
quency.

14. An oscillatory system having, in combina-
tion, vacuum-tube apparatus having an input
circuit and an output circuit each provided with
a condenser having a resultant capacitance, the
condensers each having two terminals, one ter-
minal of one condenser being connected with one
terminal of the other condenser, and an electro-
mechanical vibrator and an inductance connected
as a combination in series, one terminal of the
combination being connected to the other ter-
minal of one condenser and the other terminal
of the combination being connected to the other
terminal of the other condenser, the inductance
having a value such that it is in series resonance
with the effective series reactance of the vacuum-
tube apparatus, the input circuit and the output
circuit at the frequency of the mechanical vibra-
tions of the vibrator. .

15. An oscillatory system having, in combina-
tion, a vacuum tube having a filament, a grid,
a plate and a screening electrode, an input cir-
cuit in which the filament and the grid are con-
nected, an output circuit in which the filament
and the plate are connected, means including said
screening electrode for shielding the grid from
the plate to reduce undesired feed-back of energy
from the output circuit to the input cireuit
through the tube, the input and the output cir-
cuits each being provided with a condenser hav-
ing a resultant capacitance, the input-circuit
condenser having a side connected with the fila-
ment and a side connected with the grid, the out-
put circuit condenser having a side connected
with the filament and a side connected
with the plate, and an electromechanical vibrator
and an inductance connected as a combination
in series, one terminal of the combination being
connected to the grid side of the input-circuit
condenser and the other terminal of the combi-

- nation being connected to the plate side of the

ocutput-circuit condenser.

16. An oscillatory system having, in combina-
tion, an electrical device having an internal ca-
pacity, an input circuit and an output circuit
therefor inductively coupled together, an induc-
tance in the output circuit, an electro-mechanical
vibrator, and means connecting the electrome-
chanical vibrator in the output circuit in series
with the inductance, the output circuit having an
impedance of value so low as to be insufficient for
the production of oscillations by the feed-back of
energy from the output circuit to the input cir-
cuit by way of the internal capacity of the elec-
trical device.

17. An oscillatory system having, in combina-
tion, g vacuum tube having an input circuit and
an output circuit, a piezo-electric crystal, means
connecting the crystal with the tube, and an in-
ductance in series with the crystal and having a
value such as to produce oscillations in the sys-
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tem at a frequency at which the phase-angle be-
tween the voltage across the crystal and the cur-
rent through the crystal is less than substantially
forty-five degrees.

18. An oscillatory system having, in combina-
tion, an electric circuit, a piezo-electric crystal,
and means connecting the electric circuit and the
crystal together to cause the system to oscillate
and the crystal to vibrate at a frequency at which
the phase angle between the voltage across the
crystal and the current through the crystal is
less than substantially forty-five degrees.

19. An oscillatory system having, in combina-

7

tion, vacuum-tube apparatus having an input eir-
cuit and an output circuit each provided with a
condenser having a resultant capacitance, the
condensers each having two terminals, one ter-
minal of one condenser being connected with one
terminal of the other condenser,andanelectrome~
chanical vibrator and an inductance connected
as a combination in series, one terminal of the
combination being connected to the other ter-
minal of one condenser and the other terminal
of the combination being connected to the other
terminal of the other condenser
JAMES K. CLAFP,
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