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Thermeal Resistance

4-33. The thermal resistance of a conductor of
length L, cross sectional area A, and thermal con-
ductivity, K, is defined by the equation
L

KA

We shall arbitrarily define the unit of thermal re-
sistance to be the resistance of a thermal conductor
that requires a difference of temperature of 1°C
between the ends of the conducter in order for
one calorie per second to flow through it. This unit
we shall call a “thermohm.”

Ry — 4-33 (1)

Thermal Ohm's Law

4-34. When equations 4—32(1) and 4—33 (1) are
combined to cancel the term, L./KA, the following
“Ohm’s law” for thermal circuits is derived:

Note that AT, the ‘“temperature drop” across the
resistaiice, Ry, of a thermal circuit, is similar to
AV, t.e voltage drop across the resistance of an
electrical circuit. Where AV is a measure of the
difference of potential energy per unit charge, AT
can be shown to be a measure of the difference
of kinetic (thermal) energy per unit matter (i.e.,
per unit particle).

Stefan-Boltzmann Law

4-35. The heat radiation from a surface is not a
linear function of the temperature, but obeys a
fourth power equation that is known as the Stefan-
Boltzmann law:

Ip =—AesT" 4—35 (1)

where Ip is the total heat radiated per second, A
is the area of the radiating surface, e is the emis-
stvity of the surface, o is the Stefan-Boltzmann
constant, and T is the temperature in Kelvin
(absolute) degrees.

Radiancy
4-36. The radiant energy emitted per second per
unit area is called the radiancy of a body. Thus,
Radiancy = % = eoT* 4—36 (1)
Absorptivity and Emissivity
4-37. An isolated body in thermal equilibrium with
its surroundings will necessarily be absorbing and
emitting thermal energy at the same rate. A body
that absorbs all of the radiation incident to its
surface, reflecting none, is called an ideal black
body. The fraction of the incident radiation ab-
sorbed is called the absorptivity of the body, which
in the case of an ideal black body is equal to 1.
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Now, since at thermal equilibrium, the radiancy
must equal the rate of absorption per unit area,
the radiancy of an ideal black body must equal the
radiancy of the empty space surrounding the body.
For the same reason, if the absorptivity of a body
is small, its radiancy, relative to black body radi-
ancy, must also be small in exactly the same pro-
portion when at thermal equilibrium with its sur-
roundings. The ratio of the radiancy of a body to
that of an ideal black body is the emissivity, e,
of the body. Note that e is also equal numerically
to the absorptivity.

Stefan-Boltzmann Constant

4-38. Since e is equal to 1 for an ideal black body,
the radiancy of an iieal blak body is equal to T¢.
The constant «, which equals the radiancy of an
ideal black body per (degree)*, has been found
experimentally to be

o = 5.73 X 10-* milliwatts/cm? deg! K
Expressed in calories,
o = 1.37 X 10—'2 cal/sec cm? deg* K

Emissivities of Various Substances

4-39. The emissivities of bodies for radiations in
the visual range can be judged by the amount of
reflection when the body is exposed to white light.
Thus, in the case of diffuse reflections, bright white
surfaces have low abscrptivities, and hence, low
emissiviities, and dull black surfaces have high
emissivities. However, the emissivities of most
substances vary considerably with the frequency.
A green object, for example, indicates a lower
emissivity for the green band of the light spec-
trum than for the other bands. Asbestos, which is
white, has a total emissivity at low temperatures
equal to that of lamp black, which is 0.95. Wet ice
at 0°C has an emissivity of 0.97, and white hoar
frost has an emissivity of 0.985, which is the near-
est to ideal black body conditions so far discovered
in solids or liquids. The lowest emissivities are to
be obtained with polished silver and gold, where
at low temperatures values of 0.02 can be realized.
Values for the total emissivity of aluminum vary
somewhat, ranging from 0.022 to 0.08 at relatively
low temperatures. Emissivities of 0.022 and 0.028
appear to be approximately correct for pure alumi-
num at temperatures of 25°C and 100°C, respec-
tively, whereas the higher emissivities are due to
various degrees of oxidation or moisture adsorp-
tion at the surface. A completely oxidized alumi-
num surface, for instance, has an e of 0.11 at
200°C. Surface oxidation usually raises the emis-
sivity of a metal several fold. On oxidation, the
emissivity increases from 0.02 to 0.6 for copper,



0.05 to 0.35 for nickel, 0.09 to 0.43 for monel
metal, 0.05 to 0.6 for lead, 0.08 to 0.8 for steel,
and 0.035 to 0.6 for brass. Quartz, itself, has a
relatively high emissivity (approximately 0.9) at
low temperatures, so that even if the unplated sur-
face area of a metal-piated crystal is only as much
as 1/10 the total area, the total effective emis-
sivity will be several times that of the plated area
alone.

Radiant Heat Flow

4-40. Since the absorptivity is equal to the emis-
sivity, the radiant energy being absorbed by a sub-
stance is given by the same equation that defines
the energy being radiated—that is, by equation
4—35 (1), except that T represents the absolute
temperature of the surroundings, rather than of
the substance, itself. Thus, the net flow of radiant
heat away from a surface, equal to the radiated
minus the absorbed energy per second, is given
by the equation

Ii = Iz — Iy, = Aeo (T, — T.) 4—49 (1)

where 1, is the rate of radiant heat being absorbed,
T, is the temperature in Kelvin degrees of the
surface, and T, is the temperature of the surround-
ings. Now

To‘ - Ts‘ = (To _ Tx) (To + Tx) ('I‘oz + Tnz)
= AT(2T, — aT)(2T,2 — 2T, AT + AT?)
= AT (4T, — 6T2AT + ATAT? — AT?)

where AT = T, — T.. If the difference in the two
temperatures is small in comparison with their
magnitudes, the percentage error will be negli-
gible for most practical purposes if the higher-
power AT terms are dropped. Thus, equation (1)
can be written approximately

Iy ~ 4Aed T (T, — 1.5 AT)AT 4—40 (2)

Equivalent Thermal Radiation Resistance

4-41. Technically, thermal conductance and its
reciprocal, thermal resistance, are measures of the
ability of a substance to transport heat by virtue
of molecular impacts alone; but to facilitate the
illustration of thermal circuits schematically, we
shall represent heat radiation by assuming equiv-
alent conducting paths having appropriate ther-
mal resistances. (Heat transport by air convection
shall be treated merely as an increase in air con-
ductance, and not as being due to a separate con-
ducting path.)

4-42. The equivalent radiation resistance indicated
by equation 4—40 (2) is

AT _ 1
Iy = 4AesT3(T, —1.54aT)
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Equation (1) indicates that for oven surface
temperatures between 50° and 85°C (823° and
358°K), the effective radiation resistance approxi-
mately doubles as AT is varied from 0° to 100°.
For example, assuming a T, of 350°K and an e of
0.08, the effective radiation resistance of 1 sq cm
of a partially oxidized aluminum surface will vary
approximately from 50,000 to 100,000 thermohms
as the ambient temperature increases from 350°
to 230°K.

Heat Capacity

4-43. Heat capacity is defined as the thermal en-
ergy required to raise the temperature of a sub-
stance one degree. The relative capacities of
materials for storing thermal energy are more
generally described in terms of specific heat. The
specific heat of a substance is the heat capacity
of one gram of the substance as compared with
the heat capacity of one gram of water. Numeri-
cally, then, the specific heat is equal to the number
of calories required to raise one gram of the sub-
stance one degree. The heat capacity of a quantity
of matter varies directly with the number of atoms
or molecules contained that are free to absorb
thermal energy. At the same temperature, the
average heavy atom has the same thermal energy
per degree of freedem of motion as the average
light atom. Thus in solids, where the density of
atoms per unit volume does not vary nearly as
much as the density of mass per unit volume, the
lighter substances generally have the greater spe-
cific heats. (For instance, aluminum, which has an
atomic weight of 27 and a density of 2.7 gm/cc,
has a specific heat of 0.21 cal/gm deg C; whereas
lead, with an atomic weight of 207 and a density
of 11.3 gm/ce, has a specific heat of 0.03 cal/gm
deg C.) If the change in the thermal energy of a
system at thermal equilibrium is plotted as the
ordinate against the temperature as the abscissa,
the slope of the curve at any point is the instan-
taneous value of the heat capacity at that tem-
perature. At temperatures where there is a change
of state, the heat capacity of a substance may rise
to a very high value. For example, at 0°C, the in-
stantaneous heat capacity of ice water approaches
infinity, since heat can be absorbed without a
change in temperature.

Equivalent "Electrical Circuits of Crystal Ovens"

4-44. The relations among the various thermal
parameters that affect the performance of a ther-
mostatically-controlled oven can be more readily
seen if we represent the equivalent thermal circuit
by schematic diagrams, borrowing electrical sym-
bols (see figure 4-11) to represent their thermal
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= THERMAL RESISTANCE

= HEAT GCAPACITY

* 0°C (REFERENGE TEMPERATURE LEVEL)

° HEAT RESERVOIR AT CONSTANT +C* TEMPERATURE

* HEAT RESERVOIR AT CONSTANT —C* TEMPERATURE

CONSTANT~CURRENT CALORIE GENERATOR

* CENTIGRADE THERMOMETER

* IMAGINARY THERMAL CURRENT METER

* HEATER BREAK THERMOSTAT

{40 wjwje ] ]

O——[] «—0 * HEATER MAKE THERMOSTAT

Figure 4-11. Electrical symbols appiied to parameters
of thermal circuits

analogues. Figure 4-12 is the schematic diagram
of the “equivalent electrical circuit” of a repre-
sentative constant-temperature crystal oven. The
actual thermal circuit, of course, consists of con-
tinuously distributed heat resistance and capacity.
A rigorous quantitative description would require
the use of exponential functions and an analysis
of the thermal transients. Nevertheless, reasonable
approximations can be made and greater simplic-
ity achieved if the circuit is represented by linear,
lumped parameters, and steady ‘state conditions
assumed, as is done in figure 4-12. The symbols of
the circuit parameters indicated in figure 4-12 are
Hefined as follows:

G, = a calorie gonerator having an output
equal to the power losses in the crystal

G, = a calorie generator having an output
equal to the wattage of the heater

T, = the temperature, or “difference of poten-
tial” between the crystal and ‘“ground”

(0°C)

T, = the temperature at the walls of the crys-
tal chamber

T; = the temperature of the heater and ther-
mostat

T, = the ambient temperature, which is repre-
sented as determined by the connection of
S, to the heat-reservoir “battery”

Ts = the temperature of the electrical termi-
nals of the crystal unit

I, = current meter reading, which in the
steady state equals the output of G,

S

Figure 4-12. Equivalent electrical circuit of crystal oven
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1, = average cal/sec passing from the heater
and crystal to the outside
All the resistance values refer to thermal, not elec-
trical resistances.
R, = effective lumped resistance of crystal and
electrodes
R. = equivalent resistance to radiation from
crystal to walls of holder
R, = equivalent resistance to radiation from
holder to walls of inner chamber
R, = equivalent resistance to radiation from
heater to outer walls of oven
R. = equivalent resistance to radiation from
oven to ambient atmosphere
R, — effective lumped resistance from crystal
and electrodes via air to walls of holder
R; = effective lumped resistance of walls of
holder
R: = effective lumped resistance of air from
holder to walls of inner chamber
R, — effective Jumped resistance of walls of
inner chamber and of heater surrcund-
ing the walls
R,» = effective lumped resistance of air from
inner to cuter walls
R., = effective lumped resistance of outer walls
R.. — effective lumped resistance of air sur-
rounding oven (normally reciprocal of
equivalent convection conductance)
R,; = effective lumped resistance of wires sup-
porting crystal
R,, = effective lumped resistance of crystal-
unit electrical lcads and terminals
R,; — effective lumped resistance of external
circuit and electrical insulation
R, — effective lumped resistance between ter-
minal leads and the heat distributing
layer of oven chamber
R,; — effective lumped resistance of base, in-
cluding electrical ground connection
R.s = effective lumped resistance of air and
mounting fixtures in contact with base
R., = equivalent resistance to radiation from
base of oven
C, = effective lumped heat capacity of crystal
and electrodes
C., = effective lumped heat capacity of holder,
except the electrical leads
C. = effective lumped heat capacity of inner
walls of oven chamber
C, = effective lumped heat capacity of heater
and outer heat-distributing wall of oven
chamber
C, = effective lumped heat capacity of thermo-
stat and miscellaneous fixtures in close
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thermal contact with outer heat-distribut-
ing wall of oven chamber

Cs = effective lumped heat capacity of outer
wall

C; = effective lumped heat capacity of electri-
cal leads in crystal holder

Cs = effective lumped capacity of external elec-
trical circuit

C, = effective lumped capacity of base

S, = imaginary control varying the ambient
temperature

S, = thermostat switch controlling heater

In general, the resistance values close to the crys-
tal are larger than those farther removed because
of the much smaller crvss sectional area of the
conducting path. On the other hand, the capaci-
tance values farther out are much greater than
the inner values because of the larger volumes con-
tained. Because it is desired to keep the weight
and volume as small as possible, as well as the
time required to bring the oven to the operating
temperature, those conditions that would tend to
increase the heat capacity of all parts except the
inner chamber wall (C,) between the heater and
the crystal are generally considered undesirable,
and the design engineer is normally more con-
cerned with providing sufficient insulation and a
uniform distribution of the heat under steady-
state conditions. Under steady-state, or “d-¢” con-
ditions the values of the capacities are of no
significance, but since the heater is being alter-
nately turned on and off, there is an “a-¢” com-
ponent in the heat flow; in this connection the
capacity effects must be considered.

4-45. The principal function of the circuit in figure
4-12 is to maintain the temperature T, of the crys-
tal unchanged when the ambient temperature T,
is varied. To a first approximation, this end is
achieved by interposing between the crystal and
the outside the constant-temperature heat reser-
voir, C,, which is kept “charged” at the desired
operating temperature by the thermostatically
controlled constant-current calorie generator, G,.
The on-off operation of the calorie generator causes
the temperature of C, to cycle slightly above and
below the operating mean; so, to attenuate the
a-c component, an RC thermofilter is.interposed
between the C,-reservoir and the crystal.

4-46. The performance of the circuit in figure 4-12
shall be described as dependent primarily upon the
individual performances of six overlapping cir-
cuits; three of which are d-c circuits, two, a-c,
and one is a transient circuit. One of the d-c cir-
cuits conducts the crystal power to the outside,
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the second conducts the heater power to the out-
side, and the third is the thermal link between
the heater and the thermostat. Of the a-c circuits,
one is the filter circuit between the heater calorie
generator and the erystal—it attenuates the a-c
component of the heater temperature; the other
is the a-c path from the oven heat reservoir to
the outside—it is effective in determining the
cycling frequency. The transient circuit is essen-
tially the two a-c circuits combined—it determines
the warm-up time. Each of the d-c circuits is dis-
cussed separately. The a-c and warm-up circuits,
because of their overlapping functions, are dis-
cussed jointly.

4-47. The resistive and capacitive parameters can
be interpreted as having the effective lumped
values that would be measured under steady-state
conditions. In the d-¢ circuits, the heat capacities
can be ignored as long as steady-state conditions
are assumed. Only when there are fluctuations in
the heat flow do the capacity effects need to be
considered. For those oven elements that have
relatively large ratios of specific heat to resistiv-
ity, such as the metallic parts, not too much error
is introduced in the a-c circuits by treating the
element entirely as a lumped ‘“‘capacitor,” having
an effective heat capacity equal to its actual heat
capacity. For those elements that have very small
ratios of specific heat to resistivity, such as the
air spaces, the error introduced in the a-c circuits
by treating the element entirely as a lumped “re-
sistor,” having an effective resistance equal to its
actual resistance, can also be considered negligible.
Where the greatest tolerances must be allowed the
lumped parameters, is in the interpretation of the
a-¢ characteristics of those oven parts that have
relatively high specific heats as well as high re-
sistivities, such as plastics and other insulating
compounds,

D-C PATH OF CRYSTAL POWER

4-48. Figure 4-13 is a simplified schematic of the
equivalent d-c¢ circuit of the crystal unit which
conducts the crystal power to the outside of the
crystal holder. The external reservoir symbolized
by the battery connection can be interpreted as
being any constant-temperature heat reservoir of
temperature T,, without regard to whether the
crystal unit is oven mounted or not; otherwise, all
symbols are the same as in figure 4-12. The heat
from the constant-current generator G, divides
between the three resistance paths, that part flow-
ing through each branch being inversely propor-
tional to the respective branch resistance. Note
that as long as the heat flow and the resistances
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Figure 4-13. Thermal D-C path of crystal power

remain constant, sc also does the temperature drop
T, — T, so that a given change in the steady-state
value of T; must cause exactly the same change
in T,.

4-49. Normally the crystal circuit is designed for
a constant drive level, but if, for instance, the
crystal is connected in an oscillator stage that is
to be keyed by a push-to-talk microphone circuit,
there would be little to gain by the use of an
oven of high inherent stability. If high tempera-
ture stability is desired, a first requirement is that
of a crystal circuit providing a constant drive.
This, in turn, is best achieved by operating the
crystal at the lowest drive level that is practicable.
For a small (1-cm diameter) wire-mounted crystal
unit, the principal leakage is through R,, the air
registance. The temperature drop across R, for
each milliwatt of drive will be on the order of
0.3°C. Should the drive vary by as much as 14 mw
the temperature would vary by 0.1°C. This much
variation is ten times more likely at a drive of
5 mw than at one of 0.5 mw. If the same sized
crystal unit were evacuated, R, would become in-
finite, and-all the leakage would be through R,
and R,;. The total resistance could thereby increase
ten-fold, so that a 4-mw variation in the drive
would mean a temperature variation of 1°C.
Should a drive of 8 mw for the same crystal be
alternately turned off and on, the crystal tempera-
ture would vary by approximately 10°C, and a
well-designed oven would be practically useless. If
fluctuations in the drive are to be anticipated, opti-
mum temperature control is to be had with the
use of sandwich-type crystal units, even though
these usually require higher drives than do wire-
mounted units. Not only is the thermal resistance
between the crystal and the holder negligible com-
pared with that of the wire-mounted unit, but the
large heat capacity of the sandwich electrodes, as
compared with the thin metal films of the plated
electrodes of the wire-mounted units, considerably



Figure 4-14. Thermal D-C path of heater power

increases the effective heat capacity (C, in figure
4-13) of the crystal, and hence can minimize the
‘effects of brief fluctuations in the output of G,.
In the case of a low-frequency, wire-mounted crys-
tal vibrating in a flexural mode, where it is neces-
sary to evacuate the holder to prevent an excessive
damping by the air, it is advantageous if a large
area of the crystal is not plated. Otherwise, the
low emissivity of the silver, or other metallic film,
‘will cause R, to be excessive, thereby raising the
temperature of the crystal and increasing its sensi-
tivity to small fluctuations in the drive. For a given
drive level, the larger the value of C,, the more
stable is the temperature of the crystal during
brief fluctuations in either the crystal drive or the
oven temperature. Also, the larger the magnitudes
of R., Rs, and R,;, the less sensitive is the crystal
to brief fluctuations in the oven temperature; but,
on the other hand, the crystal will be more sensi-
tive to changes in the drive level, whether or not
these changes are of brief or long duration.

D-C PATH OF HEATER POWER

4-50. The thermal path by which the heater power
escapes to the outside is represented schematically
in figure 4-14. The symbols apply to the same
parameters as in figure 4-12, The power require-
ments of the crystal oven equal the average rate
of heat flow (I,) from the heater to the outside.
The equation for the leakage current is

_ T T,
= RT

where R; represents the total resistance from T,
to T.. I,, the crystal power flow (see figure 4-12),
can be considered negligible. A large part of the
heat flows through R,,, the resistance of the outer
walls and top of the oven, although some leakage
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is through R,, into the electrical circuit, and a
large leakage occurs at the base through R,,. Be-
cause of the large radiation losses if the oven is
inclosed in a plastic container, the total resistance
through the walls and top can be approximately
doubled if the outer walls are composed of polished
metal instead of plastic, even though the actual
resistance, R,;, of the outer oven walls, in itself,
becomes negligible. For optimum operation, the
oven must be shielded, with baffles if necessary,
from forced convection currents in the ambient
air; such as might be encountered from blowers,
fans, etc. Where the space is available, as in large
heavy-duty fixed-plant equipment, the oven should
have the protection of two reflective insulating
walls separated by a thick air space padded with
loose-fill insulation of sufficiént density to prevent
convection currents between the walls. (Reflective
surfaces in series are additive in their insulating
effects.)

4-51. In an average aluminum-walled crystal oven,
the heat leakage through the base, R,;,, may well
be as great as that through the other five sides
of the oven combined. Partly compensating the
large conductance of the base is the fact that con-
vection currents in the air are retarded when the
heat is escaping under horizontal surfaces, since
the surface prevents the warmed layers of air
from rising. Thus, the effective resistivity of the
air beneath a relatively large base may be more
than three times that at the top of the oven. Of
course, if the air under the crystal oven is circu-
lating due to convection currents initiated in other
parts of the equipment in which the oven is used,
this advantage will not be in effect. If the oven is
a small socket-mounted device, the direct-thermal
contact of the base with the socket eliminates most
of the air surface, so that the effective conductivity
of the base is much greater than if the same oven
were mounted on legs, or were otherwise sup-
ported so that a large air space exists between
the base and the chassis.

4-52. From the point of view of low operating
power, it is desirable to keep R,,, the leakage path
from the inner chamber walls to the electrical cir-
cuit, as large as possible. On the other hand, from
the point of view of temperature control, as dis-
cussed earlier, R, should be as small as possible,
so that the temperature of the walls of the inner
chamber is readily communicated to the terminals
of the crystal unit. This is not easily done since
the electrical insulation around the crystal leads
also serves as thermal insulation. The problem is
analogous to an attempt to maintain some point
in an electrical circuit at ground potential, but with
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ro other connection to ground than through the
insulation.

4-53. A plastic sheath for a single crystal terminal
will have a thermal resistance on the order of 800
thermohms—400 thermohms for each pair of ter-
minals. For an oven that houses four crystal units,
even though only one crystal is operating at a
time, R,, would be on the order of 100 thermohms.
This decrease in resistance means only an addi-
tional leakage from the heater, and not an in-
creased effectiveness in the control of the tem-
perature of the operating crystal Insofar as the
one crystal in operation is concerned, there is still
approximately 800 thermohms between each of its
terminals and the constant-temperature reservoir,
as compared with perhaps an effective resistance
of 400 to as low as 10 thermohms between each
terminal and the ambient heat reservoir, depend-
ing upon the particular type of connection to the
external circuit.

4-54. For a small plastic-enclosed, socket-mounted
oven, similar to type HD-54/U, approximately 5
cm high, 3 cm wide, and 2 cm deep, the total re-
sistance of the walls and top—the R,, R., Rio, Ry,
R,. combination—may be assumed to be on the
order of 250 thermohms under ambient conditions
of room temperature and no forced convection.
The total resistance of the base, R, including that
of the heater terminals, screws, ground terminal,
in parallel with the resistance of the plastic ma-
terial, can be estimated as approximately 100
thermohms; and this can be assumed to be in
series with another 100 thermohms where most
of the leakage is through direct contact with the
socket. Thus, the total base resistance, but not in-
cluding the leads from the crystal, itself, can be
assumed to be 200 thermohms. The third leakage
branch, R, + R;;, can be assumed to total 600
thermohms. Since the only net flow of heat from
the crystal chamber will be the power losses of
the crystal, a perfectly designed, oven would not
have a net circulation of heat from the heater
into®one part of the chamker and out another—
i.e. R,s would be zero. In the practical case there
is a tendency, usually, for the top of the chamber
to be warmer than the bottom, so that a net con-
duction of heat exists from the top to the bottom.
Nevertheless, insofar as the heater power is con-
cerned, the crystal-chamber path in parallel with
R,s can be neglected. Thus, the total thermal re-
sistance, Ry, can be considered to be that of three
branches of 250, 200, and 600 thermohms in par-
allel, or a total of approximately 95 thermohms
when no forced convection is present.

4-55. If it is assumed that the oven temperature
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is 75°C and that the ambient temperature is 30°C,
then

_ T5—30

L="%5

= 0.48 cal/sec

or
I, = 0.48 < 4.186 = 2 watts

Since there is a difference in temperature of 45°,
the power consumption under no-convection con-
ditions averages approximately 2/45 = .045 watt
for each degree that the ambient temperature is
lower than the oven temperature. With the am-
bient temperature averaging 30°, a 10-watt heater
would be operating one-fifth of the time after the
oven had reached equilibrium. Note that this equi-
librium condition must hold irrespective of the
sensitivity of the thermostat, or the heat capacity
of the oven. If the same oven is operated under
conditions of moderate forced convection, the total
resistance can be more than halved; in which case,
the power consumption may increase to as much
as a 0.1-watt average for each degree difference
between the ambient and oven temperatures.
Under these circumstances, the maximum operat-
ing range for a 10-watt heater is 100°, which is
equivalent to a minimum ambient temperature of
—25°C for a 75°C oven. (At the minimum am-
bient temperature, the heater circuit closes per-
manently. A further drop in ambient temperature
would be accompanied by an approximately equal
drop in the oven temperature.) Even where no
forced convection is present, the effective total re-
sistance, Ry, of an oven tends to decrease as the
difference between the operating and ambient tem-
peratures becomes large. This is because the natu-
ral convection around the sides and at the top of
the oven becomes greater as the temperature gra-
dient at the outer surface becomes steeper. Par-
tially counteracting the decrease in the equivalent
air resistance is the fact that the equivalent radia-
tion resistance tends to increase as the ambient
temperature falls.

D-C CIRCUIT BETWEEN THERMOSTAT
AND HEATER

4-56. The average crystal oven now in use is built
with a hermetically sealed thermostat located
either in the crystal chamber, itself (as is gen-
erally the case in ovens housing more than one
crystal unit), or mounted on top of the chamber
in a sealed container that makes good thermal con-
tact with the roof of the chamber. In the former
arrangement the temperature deviation can never
be reduced below the sensitivity of the thermo-
stat, regardless of how well the rest of the oven
is designed, so that high precision in the control



of the temperature cannot be achieved without
the use of expensive thermostats. If the tempera-
ture deviation is to be reduced to a minimum with-
out excessive cost, the thermostat must be so
located that it operates before, rather than after,
the temperature in the crystal chamber varies.
However, the thermostat cannot be placed between
the heater and the outside, for then the heat gen-
erator would lie between the crystal and the con-
stant temperature point, A, of the d-c circuit, as
illustrated in figure 4-15. The average heater tem-
perature, Ty, and hence, the average crystal tem-
perature, T, would vary with the changes in the
IR drop across the resistance (R,) between.the
heater and the thermostat. Since point A is main-
tained at a constant average temperature by the
. thermostat, the current through R, varies linearly
with the ambient temperature. However, since Iy
also fiows through R., the heater temperature, Ty,
(= Ta + IgR,), must also change linearly with
the ambient temperature. Thus, it is necessary
that the thermostat either be in nearly direct
thermal contact with the heater, or lie between
the heater and the crystal. The former arrange-
ment is usually the most to be desired in order
to minimize the power requirements as well as the
amplitude of the heater temperature cycles.

A-C CIRCUIT OF OVEN THERMOFILTER

4-57. If the temperature cycling amplitude is to
be reduced to a mirimum before it reaches the
crystal, the oven can be designed to make use of
a thermofilter. The thermofilter is the analogue
of an electrical RC fiiter that is used to smooth
out the ripples of a pulsating d-c voltage. Although
a greater percentage of the resistance and capacity
of the thermofilter is of a distributed nature than
is the case for its electrical analogue, the thermo-
filter characteristics can be analyzed to a first ap-
proximation by assuming that the resistances and
capacitances are in a lumped form.

RESISTANCE BETWEEN

THEATR
SR g
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POSITION OF
THERMOSTAT
| A 3

GRYSTAL

Figure 4-15. Thermal D-C path of heater-to-
thermostat when thermostat is outside heater

4-58. Figure 4-16 is a simplified schematic diagram
of an oven a-c circuit having a single section
thermofilter, where it is assumed that the ambient
temperature is at “ground potential” (0°C). R,
is the resistance of the air outside the oven, R, iz
the resistance of the oven between the heater and
the outside, R is the input resistance of the filter,
R is the resistance of the crystal chamber, Rey
is the resistance of the crystal holder, C, is the
capacity of the walls of the oven, Cy is the ca-
pacity of the heater, C; is the capacity of the
thermostat, C is the capacity of the filter, Coy is
the capacity of the crystal holder, and C is the
capacity of the crystal. In general, in going from
R. to C. the resistances become progressively
lar¥er, and the capacities become smaller, with the
exception of C, which should be large. I; is the in-
stantaneous calorie output per second of the heater
when operating; I,; is the average d-c leakage to
the outside, and 1, is the peak a-c current through
the filter. The component of the a-¢ current
through R and Ry can be assumed to be negli-
gible compared with the total I,.. T} is the tem-
perature of the heater.

4-59. The peak-to-peak amplitude of the a-c com-
ponent of the temperature Ty, is determined by the
backlash of the thermostat, and can be assumed
to be constant. In the ideal case, the heater and
the thermostat should at all times be at the same

SMALL UNAVOIDABLE

THE RMOSTé\T AND

Cyr=CnytoT

Figure 4-16. Oven thermal A-C circuit
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Figure 4-17. A-C component of heater temperature

temperature. In practice, there is always a ther-
mal IR drop between the thermostat and the
heater, so that the a-c compenent in temperature
at the heater is always greater than the tempera-
ture cycle of the thermostat.

4-60. Referring to figure 4-16, if I is large com-
pared with I, the rate at which Cuyr (= Cu + Cr)
is “charged” can be assumed to be constant, and
if the a-c component of the temperature is small
compared with the temperature drop between the
heater and the outside, the rate at which Cyr dis-
_charges can be assumed to be constant for a con-
stant ambient temperature (0°C in the diagram).
Thus, the a-¢ component of Ty can be represented
by a saw-tooth wave as indicated in figure 4-17.
By a Fourier analysis, such a wave is represented
as the resultant of a sine wave of the same funda-
mental frequency, upon which is superimposed an
infinite number of harmonics of varying ampli-
tudes. Insofar as the oven filter circuit is con-
cerned, the only component to consider is the
fundamental; for if the thermofilter can attenuate
the amplitude of the fundamental below the maxi-
mum deviation permissible for the crystal, then
certainly the higher harmonics will also be suffi-
ciently attenuated.

ATTENUATION FACTOR OF
THERMOFILTER

4-61. In figure 4-16, Cyr can be assumed to be an
alternating temperature generator having a sine-
wave output at the fundamental frequency of the
thermostat cycling, and a peak araplitude of T,c.
The filter circuit presents an impedance to the heat
flow of \/ R? + X%, where X is the thermal “re-
actance” of C. If R is assumed to be greater than
10X, then I,. can be assumed to approximately
equal T.c/R. Note that only the peak values of
the a-c current and temperature need be consid-
ered. The a-c component of the temperature at C
will thus be 1,X¢ = T,X/R, so that the attenu-
ation factor is X./R. Since X¢ = 1/2xfC, where {
is the frequency, the attenuation is directly
proportional to R, C, and f. Contributing to the
attenuation—indeed, effectively forming two addi-
tional RC filter sections—are the R¢cCen and the
RenCe diffusive combinations of the crystal cham-
ber and crystal unit.
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THERMOSTAT-HEATER A-C CIRCUIT
CHARACTERISTICS AFFECTING
FREQUENCY OF TEMPERATURE CYCLE

4-62. The cycling frequency, f, depends upon the
rate at which Cyr charges and discharges. The
charging time is inversely proportional to I (Iy
and I,c assumed to be small by comparison) ; the
discharging time is inversely proportional to I
(I.c assumed to be small by comparison); and
both the charging and discharging times vary
directly with Cyr. Since there is always a resist-
ance path between the heater and thermostat and
since the thermostat has a heat capacity separate
from Cy, the rise in temperature at the thermo-
stat must lag the rise at the heater. Because of
this, I; cannot be made indefiniteiy large, else the
rise in temperature at the heater will far over-
shoot the thermostat cut-off temperature, and Ta¢
will become excessive. Also, the time gained on
the charging half of the cycle could be more than
lost because of the additioral time required for
discharge. Thus, the thermostat-to-heater resist-
ance and capacitance are practical factors that
limit the frequency and raise the a-c amplitude of
the heater temperature. For a minimum T,¢ and
a maximum frequency, the thermostat must be
mounted so that the conductance between it and
the heater is a maximum. Another factor limiting
the maximum practical cycling frequency is the
fact that when a bimetallic thermostat is used, it
is desirable that the temperature cycles have as
long a period as possible, for, in general, the oper-
ating life is rated in the number of open-and-closed
cycles that can be made before the thermostat be-
comes over-fatigued, and is not primarily depend-
ent upon the actual number of hours at which the
thermostat can be operated.

4-63. Since the oven is purposely designed to make
Ix as small as possible, Ro and R, cannot be de-
creased for the sake of increasing the cycling fre-
quency. But if an oven is so constructed that the
heat from the heater is evenly distributed on all
six sides of the inner chamber, and that a near-
perfect conductance exists between the heater and
thermostat, the temperature deviation of the crys-
tal at low ambient temperatures can actually be
less than that at room ambient temperatures. This
is because the consequent increase in f, due to the
increase in Ij; and decrease in discharge time, per-
mits greater cycling attenuation by the filter. The
frequency, however, can only increase as long as
I remains large compared with Iy. Otherwise, the
decrease in the time of discharge would be annulled
by the increase in the time of charge. °

4-64. More or less predetermined, is the capacity



of the heater and the metallic surfaces that bound
it. Although the outer shield can be made as thin
as possible, thereby reducing Cg, the inner wall
must be of sufficient thickness to provide a low
resistance around the crystal chamber. Represent-
ative values of Cy for small ovens range from 2.5
to 25 cal/deg, depending principally upon the area
of the heater walls, and the thickness of the outer
sheath. If Ig is 0.25 cal/sec (approximately 1
watt), and T,c is =5°C, then the time of dis-
charge of a 6-cal/deg Cy (ignoring the thermostat
Cr) will be 10 X 6/0.256 —= 240 sec, or 4 minutes.
If Ig is 2.6 cal/sec, the charging time will be
10 X 6/(2.5 — 0.25), or approximately 27 sec.
Thus, £ will be 1/267 cycle per second. Obviously
with such a very low frequency, and with R of the
filter limited to practical values of, at the most,
only a hundred or so thermal ohms, an effective
filter would require that an extraordinarily large
C be contained in the small volume between the
heater and the crystal chamber. However, if the
thermostat is in excellent thermal contact with
the heater, the effective T, can be made to ap-
proach the actual differential of the thermostat;
in which case, not only is the cycling temperature
reduced at the source, but the attenuation factor
of the filter is improved proportionately by the
increase in f.

IDEAL THERMOFILTER

4-65. It should be remembered that heat capacity
expresses a change in heat for a change in tem-
perature. In general, the heat capacity of a sub-
stance will be different at different temperatures.
The average heat capacity of a body between two
temperatures T, and T, is AH/(T, — T.), where
AH is the thermal energy required to raise the
temperature of the body from T, to T,. The in-
stantaneous heat capacity at a given temperature
is the ratio of an infinitesimal change in thermal
energy for an infinitesimal change in temperature,
dH/dT. Now, if at & particular temperature the
thermal equilibrium of a substance suddenly shifts
from a state of low potential energy to a state
of high potential energy, the addition of a small
quantity of heat will be absorbed in raising mole-
cules from the lower to the higher energy level,
so that the added energy is principally an increase
in potential, rather than in kinetic energy. How-
ever, it is the kinetic ehergy of the molecules that
determines the temperature, so that if a small
addition of heat is entirely converted into poten-
tial energy, dT will be zero, and the instantaneous
heat capacity dH/dT will be infinite.

4-66. In this manner a very large C can be ob-
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tained for a thermofilter if a substance is chosen
that undergoes a reversible change of state at the
operating temperature of the oven. Obviously a
non-reversible action would be unsatisfactory,
such as the decomposition of a compound, since
it is necessary that the same process be repeated
during each temperature cycle. Such changes of
state as occur at the transition of a crystal from
one lattice structure to another, or at the melting
and boiling points of substances that do not de-
compose would permit very high values of C for
a small quantity of the material.

4-67. The largest C for a given quantity of sub-
stance can be obtained at a boiling point, since
the heats of vaporization are generally much
greater than the heats of fusion or transition. But
the problem of cooling the distillate and returning
it to the heated chamber would require an expen-
sive and cumbersome oven. Since heats of fusion
are generally much higher than heats of transi-
tion, are absorbed during narrower temperature
ranges, and are more easily found at a desired
operating temperature, a large thermofilter ca-
pacity effective at the operating temperature ap-
pears to be more readily obtainable by surrounding
the crystal chamber with a solid having its melt-
ing point within the differential range of the
thermostat, but slightly higher than the operating
mean. If the melting solid has a very sharp melt-
ing point, there is a danger that the mean tem-
perature may rise above the melting point long
enough to completely melt the solid, thereby losing
the major filtering effect. To remove this danger,
the filter can be composed of a mixture of two or
more compounds of different melting points, so
that, at equilibrium, the densities of the com-
pounds relative to each other will be different in
the solid and liquid phases of the partly melted
mixture. Although the filtering effect will be
diminished, the melting temperature will auto-
matically tend to rise with the mean heater tem-
perature as more of the mixture fuses.

4-68. The substance to use for an ideal heat reser-
voir, other than one having a melting point at the
desired operating temperature, would be a stable
electrical insulator having little tendency to react
with metal, a low density, a large heat of fusion,
a prompt rate of melting and crystallization, a
low dielectric constant, a low cost of production,
and not be difficult or disagreeable to handle. Re-
cent experiments by C. P. Saylor and R. Alvarez
of the National Bureau of Standards indicate the
probable suitability of para-dibromobenzene.

4-69. The fact that a number of possible filter
elements have a large percentage volumetric ex-
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pansion on fusion suggests the interesting possi-
bility of employing the expansion to open the
heater circuit when the filter material is partially
melted. A pure fusing element could thus, theo-
retically, provide thermostatic action by virtue of
a cycling internal-enegry differential, rather than
a cycling temperature differential. In other words,
a change in the temperature of the sensing ele-
ment of the thermostat would not be an absolute
requirement in the ideal case.

4-70. To shorten the warm-up time and to mini-
mize temperature gradients, good thermal conduc-
tivity should be maintained within a melting-point
thermolilter reservoir; if necessary, by the use of
wire mesh or radial fins. However, no through
high-conductivity path should be permitted. A
relatively high-resistance surface barrier should
insulate the inner side of the reservoir from the
side nearest the heater.

WARM-UP CIRCUIT OF OVEN

4-71. The warm-up circuit of the oven consists
primarily of the thermofilter and thermostat-
heater circuit shown in figure 4-16. Arbitrarily,
we shall define the warm-up time to be the period
required to bring the temperature of the crystal
chamber to within 1 per cent of its mean oper-
ating value after the heater is first turned on. As
a first approximation, this period can be divided
into two parts. The first part consists of the time
required for the heater, viewed as a constant-cur-
rent generator, to charge the heater and thermo-
stat capacities, C; and Cr, to the operating
temperature. The second part consists of the addi-
tional time required to bring the crystal chamber
to within 1 degree of the operating temperature.
Normally, a booster heater is provided which per-
mits the first part of the warm-up time to be

shortened to as much as one-fourth or more of .

the time that would otherwise be required. Letting
Cur in cal/deg equal the sum of Cyx and Cyp, Iy
in cal/sec equal the average net rate of heat sup-
plied the oven during the initial heating period
(this can be assumed to be the total power from
the two heaters minus one-half the average oper-
ating power after equilibrium has been reached),
and AT equal the difference between the operating
and ambient temperatures, the first part of the
warm-up time is approximately

t, (in sec) = CuraAT/Ix  4—T1 (1)

4-72. To the extent that a crystal oven can be
represented by the thermofilter circuit in figure
4-16, the second part of the warm-up time can
be broadly generalized as the time required for
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the capacity, C, to acquire 100(AT — 1°) /AT per
cent of its warm-up heat. To simplify the prob-
lem, we shall assume that no heat flows into C
until after the first part of the warm-up period
is completed. As in an electrical circuit, the prod-
uct, RC, is a time constant equal to the time re-
quired for the capacity to receive 63 per cent of
its equilibrium charge when connected in series
with the resistance and a constant potential
source. To receive 100 (AT — 1°) /AT per cent of
its equilibrium charge will require a time

t, (in sec) = —RC log:.(i) 472 (2)

AT

Thus, the total warm-up time by rule-of-thumb

approximation is

CurAT
In

o

t=t +t.= —RC log. (KI—’I—‘) 4—72 (3)

Equation 4-—72 (3) is only approximate when
t;, << t, and when C is large compared with the
distributed capacity of R. If C is attributable en-
tirely to the distributed capacity of an insulating
baffle, equation 4—72 (3) is not applicable—unless
C and R are prorated from the distributed para-
meters. If only a general indication of the warm-up
time is desired, let R equal the steady-state re-
sistance, and let C equal one-half the actual total
capacity of the baffle. The actual warm-up time
of the crystal blank itself is a variable that will
depend upon the fabrication of the crystal unit
and its drive level. For most purposes it can be
assumed that, with the aid of the crystal driving
power, the temperature of the crystal blank will
not significantly lag the rise in temperature of
the crystal chamber during the warm-up period.
Approximate values of —log.(1°/AT) for repre-
sentative values of AT are given in the following
table.

AT —log.(1°/AT)
3 1.0
5 1.6

10 2.3

20 3.0

30 3.4

40 3.7

50 3.9

60 4.1

70 4.3

80 44

90 4.5

100 4.6




Pin-to-Pin Electrical Capacitance of Crystal Oven

4-73. It should be remembered that the pin-to-
pin capacitance of the oven is not necessarily the
capacitance that the oven adds to the shunt ca-
pacitance of the crystal unit. For example, in
figure 4-18, assume that C, and C, are both 4uuf
and that C; is 2 puf. It can be seen that if neither
pin is grounded, the total pin-to-pin capacitance
is 4 puf; but if one pin is grounded, the total pin-
to-pin capacitance is 6 puf. Also, it can be seen
when a crystal unit is inserted in its oven socket,
that although the pin-to-pin capacitance of the
oven is shunted across the crystal, the crystal
shunt capacitance does not increase by that same
amount. In effect, since the crystal pins are
shielded by the oven receptacles, the oven capaci-
tance substitutes for, rather than adds to the ezx-
ternal pin-to-pin capacitance of the crystal unit.

Base Leakage of Small Ovens

4-74. The smaller the crystal oven, the more diffi-
cult it becomes to control the chamber temper-
ature, not only because the surrounding heat
capacity becomes smaller, but also because the
percentage of heat leakage through the base be-
comes greater, resulting in steeper temperature
gradients within the crystal chamber. Improved
performance can generally be obtained by con-
centrating more than an average proportion of
the heater windings near the base. An interesting
and very successful innovation in this direction
occurs in a recent oven design by B. C, Hill, Jr.
of HEEMCO. In the Hill oven, the heater wind-
ings are extended around the base leads, which
therefore are maintained at essentially the heater
temperature and so exhibit much less tendency to
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Figure 4-18. Pin-to-pin electrostatic capacjtance of
crystal oven

follow the changes in the ambient temperature.
An entirely different approach, one which ingeni-
ously exploits the fact that the temperature at the
base changes more rapidly than at any other part
of the oven, has been introduced by R. Beetham
of the James Knights Company. The Beetham
principle, which has been applied in the design of
miniature crystal ovens, is to locate the thermo-
stat at the base and in good thermal contact with
it. This arrangement virtually eliminates the
existence of steep temperature gradients within
the crystal chamber; in addition, because the
temperature of the base-mounted thermostat
changes relatively rapidly, it permits the cycling
frequency to be much higher than otherwise,
thereby diminishing the amount of heat capacity
required to attenuate the a-c component of tem-
perature at the crystal. Both the base-heater and
base-thermostat methods permit cycling tempera-
tures at the crystal to be reduced to a few tenths
of a degree C as the ambient temperature varies
from —b55°C to operating temperatures of 75
or 85°C.

PART Il
TECHNICAL DESCRIPTIONS OF CRYSTAL OVENS

TECHNICAL DATA CHART OF CRYSTAL OVENS FOR USE WITH
GROUP-1 MILITARY STANDARD CRYSTAL UNITS

Mil Std Xtal| No. of Military or Oven Ambient Max Heater . )
Holder Holders | Commercial | Operating Temp Temp Voltage Provisions for Mounting
Accom- Accom- Type or Tempera- Range Deviation (v )g Oven

modated |modated Dwg No. ture (°C) (°C) (°C)
1 HD-54/U 75 —55 to +5bb6 -7, +6 27.5 dc Standard lock-in base
HC-6/U 5 Bendix Radio 5 —55to +566 | —10, +6 | 27.56 dc Four thd studson 1% x 1% in.
Dwg L2056628 mtg centers
13 Bendix Radio 75 —b5to+556 | —10,-+6 | 27.5dc Four thd studs on 134 x 11%g in.
Dwg N205651 mtg centers
WADC TR 56-156 623
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CRYSTAL OVEN HD-54/VU

Figure 4-19. Crystal Oven HD-54/U

FUNCTIONAL DESCRIPTION

Crystal Oven HD-54/U provides temperature
stabilization for a single HC-6/U-mounted crys-
tal unit at a nominal operating temperature of
75°C, over an ambient range of —55°C to 4-55°C.
The oven operates on a heater veltage of 27.5 volts,
de, and mounts in a standard lock-in socket. A
booster thermostat with associated heating ele-
ment is incorporated in the oven to shorten the
warm-up period.

OPERATING CHARACTERISTICS

Operating Temperature: 75°C

Temperature Deviation! —T° to 46°C

Ambient Temperature Range: —55° to 455°C

Approximate Warm-Up (stabilization) Time: 6
min

Oven Temperature (inside crystal holder) During
Warm-Up Time:

Oven Temp Warm-up Time
90°C max € to 3 min
65° to 85°C 3 to 4 min
68° to 81°C over 4 min

Power Requirements: 27.5 V, dc; 1.5 amp
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Figure 4-20. Dimensions of Crystal Oven HD-54/U

PHYSICAL CHARACTERISTICS

Net Weight: 2 oz

Thermometer: None

Provisions for Temperature Adjustment: None

Oven Materials: Plastic cover and base

Provisions for Mounting Oven: Standard lock-in
base

Oven Will Accommodate: Oue Crystal Holder
HC-6/U

LOGISTICAL DATA
Army-Navy Nomenclaiure: Crystal Oven HD-
54/U
Status:
Date of Status:
Cognizant Agency:
Govt. Specifications:
USAF Stock Class:
USAF Stock No.:

Source of Supply:* Bendix Radio; Clark (com-
mercial equivalent: Clark CO-10); Downing
(commercial equivalent: Downing Single Crys-
tal Unit Oven); Miller Labs (commercial
equivalent: Miller Labs BM-100)

* See Appendix III for complete name and address.
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BENDIX RADIO CRYSTAL OVEN L205628
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Figure 4-21. Dimensions of Bendix Radio Crystal Oven 1205628
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Figure 4-22. Bendix Radio Crystal Oven L205628

FUNCTIONAL DESCRIPTION

The Bendix Radio L205628 Crystal Oven is a
multiple oven designed to provide temperature
stabilization at 75°C, nominal, over an ambient
range of —55°C to +55°C. Up to five HC-6/U-
mounted crystal units can be accommodated. The
oven operates from a heater voltage of 27.5 volts,
de. It was originally designed for use in Radio
Sets AN/ARC-19 and AN/ARC-33.

OPERATING CHARACTERISTICS

Operating Temperature: 75°C
Temperature Deviation: —10° to +6°C

WADC TR 56-156

Ambient Temperature Range: —55° to +55°C

Approximate Warm-Up (stabilization) Time: 7
min

Oven Temperature (inside crystal holder) During
Warm-Up Time:

Oven Temp Ambient Temp Warm-up Time
90°C max +20° to +55°C 0 to 3 min
60° to 85°C +20° to +55°C 3 to 4 min
68° to 81°C +20° to +55°C over 4 min
90°C max —bb° to +20°C 0 to 3 min
60° to 85°C —5b° to +20°C 3 to 5 min
65° to 81°C —55° to +20°C over 5 min

Power Requirements: 27.5 V, dc; 1.6 amp

PHYSICAL CHARACTERISTICS

Net Weight: T oz

Thermometer: None

Provisions for Temperature Adjustment: None

Oven Materials: Metallic cover, plastic base

Provisions for Mounting Oven: Four thd studs
on 114 x 134 in. mtg centers

Oven Will Accommodate: Five Crystal Holders
HC-6/U

LOGISTICAL DATA

Source of Supply:* Bendix Radio (Dwg No.
L205628) ; Downing (commercial equivalent:
Downing Five Crystal Unit Oven)

* See Appendix 111 for complete name and address.
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Figure 4-23. Dimensions of Bendix Radio Crystal OvenN 205651

Figure 4-24. BRendix Radio Crystal Oven N205651

FUNCTIONAL DESCRIPTION

The Bendix Radio N205651 Crystal Oven is a
multiple oven designed to provide temperature
stabilization at 75°C, nominal, for up to thirteen
HC-6/U-mounted crystal units in ambient tem-
peratures from —55°C to 4+55°C. The oven oper-
ates from a heater voltage of 27.5 volts, de. It was
originally designed for use in Radio Sets AN/
ARC-19 and AN/ARC-33.

OPERATING CHARACTERISTICS

Operating Temperature: 75°C
Temperature Deviation: —10° to 4+-6°C
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Ambient Temperature Range: —55° to 4-55°C

Approximate Warm-Up (stabilization) Time: T
min

Oven Temperature (inside crystal holder) During
Warm-Up Time:

Oven Temp Ambient Temp Warm-up Time
90°C max +20° to +55°C 0 to 3 min
60° to 85°C +20° to +55°C 3 to 4 min
68° to 81°C +20° to +55°C over 4 min
90°C max [ _55° to +20°C 0to3 min |
60° to 85°C —55° to +20°C 3 to 5 min
Lss" to 81°C —~55° to +20°C over 5 min

Power Requirements: 27.5 V, dc; 1.5 amp

PHYSICAL CHARACTERISTICS

Net Weight: 10 oz

Thermometer: None

Provisions for Temperature Adjustment: None

Oven Materials: Metallic cover, plastic base

Provisions for Mounting Oven: Four thd studs
on 134 x 213, in. mtg centers

Oven Will Accommodate: Thirteen Crystal
Holders HC-6/U

LOGISTICAL DATA

Source of Supply:* Bendix Radio (Dwg  No.
N205651) ; Downing (commercial equivalent:
Downing Thirteen Crystal Unit Oven)

* See Appendix III for complete name and address.
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APPENDIX |—ACKNOWLEDGMENTS

The information contained in this handbook has
been gathered from so many diverse sources that it
is virtually impossible to give due credit in each
particular instance. Especially is this true of the
first half of Section I, where much of the infor-
mation consists of collections of relatively inde-
pendent facts. In the last half of Section I, it is
hoped that specific experimental data, as well as
,gquations and methods of analysis that can be
- explicitly ascribed to individual authors, have been
more adequately acknowledged in the text. The
writer wishes to thank the many crystal manufac-
turers who have cooperated so generously in sup-
plying information and suggestions for inclusion
in the Handbook. He is particularly indebted to
Bliley Electric Company, HEEMCO, Hunt Corpo-

- ration, Hupp Electronics Company, McCoy Elec-
tronics Company, and Reeves-Hoffman Company
for their contributions and interest and also for
the personal courtesies extended the writer dur-
ing a data-collecting field trip.

At this point, the writer would like to ackowl-
edge those individuals and organizations to whom
he is most indebted for the present contents of
the Handbook.

Bell Telephone Laboratories.—The greater part of
the information on the subject of crystal-unit
fabrication contained in the Handbook has, at least
partly, had its origin in research projects at Bell
Telephone Laboratories. All frequency-constant,
temperature-coefficient, and frequency-deviation
curves of the various crystal elements developed
at Bell Telephone Laboratories have been obtained
from graphs made available to the public by the
Bell Telephone Company. These illustrations are
included below in the individual acknowledge-
ments of published works of Bell scientists.

Bokovoy, S. A.—Most of the descriptive data con-
cerning the V-cut crystal, the single-frequency
X-cut crystal, and the dielectric-sandwich type of
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crystal mounting have been obtained from U. S.
and British patents issued to the inventor, Mr.
Bokovoy, of the Radio Corporation of America.

(Mr. P. D. Gerber was coinventer of the dielectric-
sandwich mounting—U. S. Patents 2,078,229 and
2,101,893.) Handbook illustrations redrawn from
Bokovoy patents are: figure 1-22 (U. S. Patent
2,064,288, May 31, 1934) ; figures 1-39, 1-40, and
1-41 (British Patent 457,342, November 26, 1936) ;
figures 1-73 to 1-77 (U. S. Patent 2,101,393, De-
cember 14, 1937) ; and figure 1-78 (U. S. Patent
2,078,229, April 27, 1937).

Bond, W. L.—Two treatises by Mr. Bond, “Methods
for Specifying Quartz Crystal Orientation and
Their Determination by Optical Means’ and “Saw-
ing, Grinding, and Lapping” (Chapters II and 1X,
respectively, Quartz Crystals for Electrical Cir-
cuits, Heising) have been useful sourees of infor-
mation to the writer. Handbook figure 1-59 has
been reprinted from the former article with the
permission of the publisher, D. Van Nostrand Co.

Borgelt, E. H—See Foreword.

Bottom, V. E.—Much of the information contained
in “The Mathematics of the Equivalent Electrical
Circuit of the Quartz Crystal Unit” by Mr. Bottom
(Chapter 11, Fundamental Principles of Crystal
Oscillator Design, Circuit Section, Long Branch
Signal Laboratory, Signal Corps, 1945-46) has
been incorporated in Section I of the Handbook.

Bower, G. G.—Information obtained from Mr.
Bower’s treatise, “Crystal-Controlled Electron-
Coupled Oscillators” (Chapter V, Fundamental
Principles of Crystal Oscillator Design, Circuit
Section, Long Branch Signal Laboratory, Signal
Corps) has been included in the Handbook.

Brown, W. F.-_Information contained in “Quartz
Crystal Overtone Oscillators,” Technical Note No.
RAD. 460, by Mr. Brown, Royal Aircraft Estab-
lishment, Farnborough, has been of great value to
the writer in preparing the discussion of series-
mode oscillators.

Cady, W. G.—So much of information contained in
the Handbook is indirectly, if not directly, de-
pendent upon the work of Dr. Cady that no attempt
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can be made to itemize particular instances, other
than to acknowledge that figure 1-21 is reprinted
from Dr. Cady’s textbook, Piezoelectricity, Mc-
Graw-Hill Book Co., 1946, with the permission of
the author and publisher.

Camfield, C. J.—Information obtained from “The
Design of Fundamental Mode Quartz Crystal
Oscillators,” Technical Note No. RAD. 525, by
Mr. Camfield, Royal Aircraft Establishment,
Farnborough, has been included in the Handbook.
Handbook figure 1-131 is based upon the design of
an agc circuit described in the above treatise.

Capitol Radio Engineering Institute.—The writer
is indebted to Capitol Radio Engineering Insti-
tute for many valuable items of information scat-
tered throughout the Handbook. Of particular
note are the empirical data contained in the dis-
cussion of the use of the Miller circuit as a small
power oscillator (paragraph 1-339).

Carpantier, V. J.—See Foreword.

Caruthers, R. S.—The writer is indebted to Mr.
Caruthers for information contained in para-
graphs 1-449 to 1-451, which has been obtained
from a ireafise on transistor oscillators as pub-
lished in The Transistor by Bell Telephone Lab-
oratories. Handbook figures 1-189 and 1-190 have
been copied from this source with the permission
of Bell Telephone Laboratories.

Devlin, J. J.—Appreciation is extended Mr. Devlin
for valuable assistance in editing parts of Sec-
tions II, 111, 1V, V, and the Appendix.

D’Heedene, A. R.—The treatise, “Effects of Manu-
facturing Deviations on Crystal Units for Filters”
(Chapter X1V, Quartz Crystais for Electrical Cir-
cuits, Heising), by Mr. D'Heedene, has proven a
valuable source of information to the writer.
Handbook figure 1-117 has been copied from an
illustration contained in the above work with the
permission of the publisher, D. Van Nostrand Co.

Drews, W. F. et al.—The treatise by Mr. Drews
and coauthor A. E. Swickard, “The Wire Mounted
Crystal Unit” (Chapter XVI, Quartz Crystals for
Flectrie Cireuits, Heising), has been an important
source of information for the writer. Handbook
figure 1-68 has been drawn from an illustration
contained in the above articie, with the permis-
sion of the publisher, D. Van Nostrand Co.

Edson, W. A. et al.—For that part of Section 1
covering the theory and application of series-mode
quartz crystal oscillators, the writer is heavily in-
debted to the work of Mr. Edson and those assist-
ing, him at the Georgia Institute of Technology
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in a Signal Corps research project directed toward
the investigation of v-h-f crystal oscillators. Many
of the results of this investigation, as described
in the 1950 Final Report on Signal Corps Contract
W36-039-5¢-32100, “High Frequency Crystal-Con-
trolled Oscillator Circuits,” prepared by Mr.
Edson, W. T. Clary, and J. C. Hogg, Jr., have been
included in the discussions of the Butler, transi-
tron, basic transformer-coupled, grounded-grid,
grounded-plate, and impedance-inverting oscilla-
tors. Also, the circuit equations derived in the h-f
oscillator report have provided valuable check
points and guides for the circuit analyses and
equation derivations of this Handbook. In addi-
tion, all equations presented without derivafions
in the discussion of the above-mentioned oscilla-
tors can be assumed to have been taken directly
from the above-mentioned h-f oscillator report.
The writer has also been greatly aided by the
information contained in the timely book by Mr.
Edson, Vacuum-Tube Oscillators, copyright 1953,
John Wiley and Sons. The analysis of the Meacham
bridge oscillator contained therein has served as
the principal guide for the slightly modified ap-
proach to the same circuit followed in the Hand-
book. Appreciation is extended to the author and
publishers for permission to use the graphical
chart shown in the Handbook figure 1-162.

Fair, I. E.—The writer is indebted to the work of
Mr. Fair for information concerning the relative
performance characteristics of crystal units in
parallel-mode oscillator circuits, as described in
“Piezoelectric Crystals in Oscillator Circuits”
(Chapter XII, Quartz Crystals for Electrical Cir-
cuits, Heising), and in “Design Data on Crystal
Controlled Oscillators” (Appendix 11, Information
Bulletin on Quartz Crystal Units, Armed Services
Electro Standards Agency, Fort Monmouth, N. J.,
August, 1952). Figure 1-164 of the Handbook has
been copied from the latter treatise. The crystal
performance parameters, M (figure of merit) and
P1 (performance index), were originally con-
ceived and defined by Mr. Fair.

Goldsmith, P.—Appreciation is extended for the
time and assistance generously given the writer
in obtaining information relating to the results
of experiments conducted at the Armour Research
Foundation of Illinois Institute of Technology
(USAF Contract No. AF 18(600)-157) on par-
allel-mode crystal oscillators, in which Mr. Gold-
smith had participated as project engineer.

Gordon, S, G. et al.—Information used in the Hand-
book concerning the preparation of crystal blanks
has been obtained from the treatise by Mr. Gordon



and Mr. W. Parrish, entitled “Cutting Schemes for
Quartz Crystals” (American Mineralogist Sym-
posium on Quartz Oscillator Plates, 1945). Hand-
book figures 1-60 and 1-62 have been copied from
this source.

Greenidge, R. M. C.—"The Mounting and Fabrica-
tion of Plated Quartz Crystal Units” (Chapter
X111, Quartz Crystals of Electrical Circuits,
Heising), by Mr. Greenidge, has proven an im-
portant source of information for the writer.
Handbook figures 1-80, 1-83, and 1-86 have been
drawn from illustrations contained in the above
article with the permission of the publisher, D.
Van Nostrand Co.

Gruen, H. E.—Of great value to the Handbook has
been the circuit data obtained from Mr. Gruen for
over thirty oscillators of comparatively recent de-
sign which employ currently recommended crystal
units. This information was originally catalogued
and the circuits tested during a preliminary inves-
tigation of the feasibility of standard packaged
oscillator designs—a project engineered for the
U. S. Air Force by Mr. Gruen at the Armour
Research Foundation of Illinois Institute of Tech-
nology, with Mr. E. A. Roberts serving as Instru-
ment Supervisor. The writer also wishes to thank
Mr. Gruen for giving so generously of his time
in helping the writer check test data for inclusion
in the Handbook.

Hedeman, W. R.—The method of synthesizing fre-
quencies, as described in paragraphs 1-455 to
1-462, is based upon the Bendix synthesizing
method described by Mr. Hedeman in “Few Crys-
tals Comirol Many Channels,” Electronics maga-
zine, March, 1948.

Heising, R. A.—The subject matter on the fabri-
cation of quartz crystal units in the Handbook
is more dependent upon the information in Mr.
Heising’s Quartz Crystals for Electrical Circuits,
D. Van Nostrand Co., copyright 1946, than upon
that in any other single publication. Because this
collection of articles by members of the technical
staffs of Bell Telephone Laboratories and Western
Electric Company represents so much of the origi-
nal discovery, work, and thought that has formed
the foundation of the modern quartz-crystal in-
dustry in the United States, the book has been
invaluable as a reference in the preparation of
the Handbook. The many performance curves of
the different types of quartz cuts pioneered by
Bell Laboratories have proven of particular value.
Mr. Heising has also been the source of much
of the informatioh concerning the historical de-
velopment of piezoelectric crystals. The following
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figures of the Handbook have been reprinted,
copied, drawn, or redrawn—entirely, in part, or
in modified form—with the permission of Mr.
Heising and D. Van Nostrand Co. from illustra-
tions appearing in the aforesaid publication: 1-5,
1-8,1-11,1-12, 1-13, 1-19(G), 1-23, 1-24, 1-25, 1-28,
1-29, 1-33, 1-34, 1-35, 1-38, 1-43, 1-44, 1-53, 1-54,
1-56, 1-58, 1-59, 1-63, 1-65, 1-68, 1-71, 1-80, 1-81,
1-82, 1-83, 1-84, 1-86, 1-87, and 1-117.

Henry, C, W.—Se¢e Foreword.

Institute of Radio Engineers.—I1.R.E. Standards
on Piezoelectric Crystals, as described in the Pro-
ceedings of the I.R.E., vol. 37, No. 12, December,
1949, have been foliowed in the Handbook.

Jakob, M.—Heat Transfer, Vol. I, by M. Jakob,
copyright 1949, John Wiley and Sons, proved of
great value to the writer as a basic reference
source during the preparation of the discussion
on crystal-oven design in Part I, Section IV of
the Handbook.

Jones, M. B.—The writer is indebted to Mr. Jones
for many suggestions for improving the useful-
ness and appearance of the Handbook, and for
contributing freely of his time in designing and
preparing the layout of the printed manuscript.

Kitter, W. M.—Appreciation is extended Mr. Kitter
for valuable assistance in editing and correcting
a number of illustrations, data sheets, and tables
in Sections Il and 1II.

Koga, I.—The writer has been greatly benefited
by a number of equations (acknowledged in the
text) derived by Mr. Koga in the treatise “Char-
acteristics of Piezo Electric Quartz Oscillators,”
Proceedings of the I.R.E., vol. 18, 1930.

Llewellyn, F. B.—Of great aid to the writer has
been ‘‘Constant-Frequency Oscillators,” F. B.
Llewellyn, Proceedings of the [.R.E., vol. 19, 1931.

Lobel, A.—The writer is considerably indebted to
Mr. Lobel for valuable assistance in preparing,
organizing, and editing data sheets and tables
appearing in Sections 11, III, IV, V, and the
Appendixes.

Magie, W. F.—The writer is indebted to Mr. Magie
for the translation of the original paper by P.
Curie on “Piezoelectricity.” The translation con-
tained in the Handbook has been reprinted from
A Source Book in Physics, W. F. Magie, copyright
1935, McGraw-Hill Book Co., with the permission
of the author and publisher.

Mason, W. P.—Much of the descriptive informa-
tion contained in Section I covering the theory
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of piezoelectricity and the characteristics of piezo-
electric elements is based upon information ob-
tained in the published treatises of Mr. Mason.
From Piezoelectric Crystals and Their Application
to Ultrasonics, copyright 1950, D. Van Nostrand
Co., has been obtained most of the information
regarding the different types of synthetic piezo-
electric crystals as well as a part of the data con-
cerning the X-group of quartz crystals. Figures
1-20, 1-32, and 1-55 of the Handbook have been
reprinted entirely or in part from Mr. Mason’s
book with the permission of the author and the
publisher. Equations 1-248 (1) and (2) have also
been obtained from this source.

From “Low Temperature Coefficient Quartz
Crystals,” Bell System Technical Journal, Janu-
ary, 1940, permission has been obtained from the
author and publisher te use the curves illustrated
in Handbook figures 1-45 and 1-46.

The theory of quartz piezoelectric properties,
presented in paragraphs 1-69 to 1-74, is based pri-
marily upon Lord Kelvin’s model of the quartz
molecule, as extended by Mason tc illustrate a
simplified concept of quartz piezoelectricity in
“Quartz Crystal Applications” (Chapter I of
Quartz Crystals for Electrical Circuits, Heising).
From this same article has been obtained much
of the general information rejating to the vari-
ous types of quartz cuts, as well as the following
Handbook illustrations: figures 1-8, 1-9 (origi-
nally from Collected Works of Lord Kelvin, Cam-
bridge Press), 1-11, 1-19(G), 1-43, 1-44, 1-53, 1-54,
and 1-56.

A large part of the information concerning the
characteristics of the X-group of quartz crystals
has been obtained from “Low-Frequency Quartz-
Crystal Cuts Having Low Temperature Coeffi-
cients” (Chapter XVII of Quartz Crystals for
Electrical Circuits, Heising), of which Mr. Mason
is coauthor with Mr. R. A. Sykes. From this source
have been obtained figures 1-23, 1-24, 1-25, 1-28,
1-29, 1-33, 1-34, 1-35, 1-38.

Equation 1-82 (1) is a modification of an equa-
tion developed by Mr. Mason in “Electrical Wave
Filters Employing Quartz Crystals as Elements,”
Bell System Technical Journal, July, 1934.

Miller, C. J., Jr.—The writer has greatly bene-
fited by two treatises by Mr. Miller: “Equivalent
Network of a Quartz Crystal Unit and Its Appli-
cation” and “The Pierce Oscillator,” which appear
as chapters 1 and 111, respectively, in Fundamental
Principles of Crystal Oscillator Design, Circuit
Section, Long Branch Signal Laboratory, Signal
Corps, 1945-46. The approach to the generalized
crystal oscillator and the methods discussed for
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measuring vacuum-tube-circuit capacitances have
proved particularly useful. Figure 1-100 of the
Handbook has been traced from one Miller illus-
tration, and figure 1-103 is a modification sug-
gested by another.

Nachman, M. W.—See Foreword.

Philco Corporation.—Regrettably, space simply
does not permit acknowledgments of the many
personal contributions to the composition of this
Handbook that have been made by Philco per-
sonnel, but for which the writer nevertheless
wishes to express his sincere appreciation. With-
out the good faith and cooperation of the manage-
ment and staff of the Philco Technical Publications
Department, in particular, this Handbook would
not have been possible.

Prichard, A. C.—Information obtained from Mr.
Prichard’s treatise “The Miller Oscillator’” (Chap-
ter 1V, Fundamental Principles of Crystal Oscil-
lator Design, Circuit Section, Long Branch Signal
Laboratory, Signal Corps) has been included in
the Handbook.

Roberts, E. A. et al.—Appreciation is felt for the
assistance and many courtesies extended the
writer when collecting data originally obtained in
experiments performed under the supervision of
Mr. Roberts at the Armour Research Foundation
of the Illinois Institute of Technology. Of par-
ticular value has been the information concerning
the performance of parallel-mode oscillators that
is contained in the interim report on USAF re-
search Contract No. AF 18(600)-157, “Investiga-
tion of Oscillator Circuits for Proposed Stand-
ards,” June 22, 1953. Copies of iliustrations from
this report are shown in figures 1-129, 1-130, 1-143,
1-144, 1-145, 1-146, 1-147, and 1-148. Research
engineers contributing materially to the project
were E. K. Novak, P. Goldsmith, and J. Kurinsky.

Robinson, S. A. et al.—The discussion of capaci-
tance-bridge oscillators is based primarily upon
the final report, “H. F. Harmonic Crystal Investi-
gation,” of an Air Force research project under-
taken by the Research Division of Philco Corpora-
tion in 1947 (AF Contract No. W33-038-ac-14172),
with Messrs. Robinson, C. D. O’Neal, and F. N.
Barry serving as project engineers. Handbook
figures 1-112, 1-113, 1-114, 1-165{A), 1-166, 1-167,
1-168, 1-169, 1-170, 1-171, and 1-172 have been
copied from this report.

Ronan, J. A.—Part of the information concern-
ing the plating of crystals has been obtained from
Mr. Ronan’s technical report, “Fabricating Tech-



niques for Crystal Unit CR-23/U,” Signal Corps
Engineering Laboratories.

Schnepps, B.—The writer is greatly indebted to
the conscientious work of Mr. Schnepps in pre-
paring, organizing, and editing data sheets and
tables appearing in Sections 1I, III, IV, V, and
the Appendixes.

Signal Corps.—The writer wishes to thank Mr.
W. L. Doxey, Chief, and others of the staff at the
Frequency Control Branch, Signal Corps Engineer-
ing Laboratories, Fort Monmouth, N. J., for their
cooperation in making available a large amount
of useful bibliographical material. With their
assistance, it has been possible to consult a much
broader range of publications, illustrations, and
reports than would otherwise have been possible.

It should be mentioned that from the Signal
Corps Technical Manual, TM-2540, Quartz Crys-
tals, Theory, Fabrication and Performance Meas-
wrements, much of the information concerning the
fabrication of quartz crystal units has been ob-
tained. The following Handbook illustrations have
been obtained from this manual: figures 1-5,* 1-6,
1-10,* 1-42, 1-57,* 1-58,* 1-59,* 1-63,* 1-64, 1-66,*
1-67, and 1-89. Those figures marked with an
asterisk have been obtained from negatives made
available by the Signal Corps.

Also of great use to the writer has been the
Information Bulletin on Quartz Crystal Units,
Armed Services Electro Standards Agency, Fort
Monmouth, N. J. See Fair, I. E. and Sykes, R. A.
for illustrations obtained from this source.

In Section 111, the illustrations of all Group-I11
crystal holders have been redrawn from drawings
furnished by the Signal Corps.

Finally, the circuit data for a large number of
the individual oscillators described have been ob-
tained from Signal Corps technical manuals.

Stock, D. J. R., et al.—Much of the discussion of
crystal-unit drive-level characteristics is based
upon information contained in the final report,
“Investigation, Studies and Evaluation of Per-
formance of Crystal Unit Characteristics,” 1952,
of a research project (Signal Corps Contract No.
" DA36-039-s¢-5493) undertaken by the Research
Division of New York University College of Engi-
neering, Mr. Stock serving as project engineer,
with the assistance of L. Silver, E. Strongin, and
A. Yevlove. Handbook figures 1-115, 1-116, and
1-118 have been obtained from this report.

Sykes, R. A. (See also Foreword)-—The discus-
sions contained in Section I, entitled “Modes of
Vibration” and “Rule-of-Thumb Equations for
Estimating Parameters,” are based upon and fol-
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low closely the information contained in the ex-
position of these subjects by Mr. Sykes in “Design
Data on Crystal Units” (Appendix I, Information
Bulletin on Quartz Crystal Units, Armed Services
Electro Standards Agency, Fort Monmouth, N. J.,
August, 1952). Handbook illustrations obtained
from the foregoing treatise are figures 1-26, 1-27,
1-30, 1-31, 1-36, 1-37, 1-49, 1-50, 1-51, 1-52, 1-85,
and 1-88(B).

The information contained in the discussion of
the modes of vibration of quartz crystals is also
dependent upon the more extended treatment of
the same subject by Mr. Sykes in “Modes of Mo-
tion in Quartz Crystals, the Effects of Coupling
and Methods of Design” (Chapter VI, Quartz
Crystals for Electrical Circuits, Heising). Hand-
book equations 1-81 (4) and 1-82 (1) have been
obtained from this source. Also from this treatise
are figures 1-12 and 1-13, which have been copied
with the permission of the publisher, D. Van
Nostrand Co.

“Principles of Mounting Quartz Plates” (Chap-
ter VIII, Quartz Crystals for Electrical Circuits,
Heising), by Mr. Sykes, is the source of the in-
formation included in the Handbook concerning
the cantilever method of crystal mounting, and
also of much of the information concerning pres-
sure mounts in general, wire mounts, and air-gap
mounts. The equation in paragraph 1-158, and
figures 1-71, 1-81, 1-82, 1-84, and 1-87 of the Hand-
book are taken from this work, with the permis-
sion of the publisher, D. Van Nostrand and Co.

For acknowledgments of information obtained
from “Low-Frequency Quartz-Crystal Cuts Hav-
ing Low Temperature Coefficients,” coauthored by
Mr. Sykes, see Mason, W. P.

Vigoureux, P. et al.—Quartz Vibration, by P.
Vigoureux and C. F. Booth, H. M. Stationery Office,
London, has been a valuable source of reference
for the writer. Of special usefulness has been the
information on the design of crystal ovens, much
of which has not been obtainable elsewhere.
Western Electric Co.-—The writer is indebted to
the Western Electric Co. for making available the
design recommendations of Bell Telephone Lab-
oratories engineers, pertaining to the oscillator
circuit illustrated in figure 1-157.

Willard, G. W.—Mr. Willard’s treatises, “Raw
Quartz, Its Imperfections and Inspection” and
“Use of the Etch Technique for Determining
Orientation and Twinning in Quartz Crystals”
(Chapters 1V and V, respectively, Quartz Crystals
for Electrical Circuits, Heising) have been prin-
cipal sources of information covering their respec-
tive subjects. Handbook figures 1-5, 1-58, 1-63, and
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1-65 have been obtained from the above sources
with the permission of the publisher, D. Van
Nostrand Co.

Wojcicki, F. J.—See Foreword.

Wright Air Development Center.—See Foreword.

Addendum

Dasher, B. J. et al.—A large proportion of the
data contained in the discussion of junction tran-
sistor oscillators has been obtained from the quar-
terly reports on “Transistor Oscillators of Ex-
tended Frequency Range” by Messrs. Dasher, D.
L. Finn, S. N. Witt, W. B. Warren, Jr.,, T. N.
Lowry, et al,, of the Georgia Institute of Technol-
ogy, Atlanta, Georgia. (Dept. of the Army Con-
tract No. DA-36-039-s¢-42716).

Finden, H. J.—The information on the Plessy syn-
thesizer has been obtained primarily from *“The
Frequency Synthesizer” by Mr. Finden, Journal
of the Institution of Electrical Engineers, vol. 90,
Part 111, 1943.

The information on the attenvation of unwanted
frequencies in frequency synthesis is based on
“Developments in Frequency Synthesis” by Mr.
Finden, Electronic Engineering, May 1953.

Gerber, E. A.—The treatise “A Review of Methods
for Measuring the Constants of Piezoelectric
Vibrators” by Dr. Gerber, Proceedings of the
I.R.E., September 1953, has been a valuable source
of reference in preparing the discussions on the
measurements of crystal oscillators.

The writer also wishes to thank the engineering
staff in the charge of Dr. Gerber at the Frequency

Control Branch of the Signal Corps Engineering
Laboratoeries for the time and effort spent in re-

viewing the Handbook revision material and for
the many suggestions and corrections which have
helped to improve the usefulness and accuracy of
the text.

Gruen, H. E. — The information on the Gruen
packet oscillator series was obtained from “Devel-
opment of Packet Oscillator Series” by Mr. Gruen,
a project of the Armour Research Foundation,
I.1.T., completed in 1955. (USAF Contract No. AF
33(616)-2125).

Hahnel, A. — The information on crystal-phase-
controlled harmonic multipliers is based upon
“Multichannel Crystal Control of VHF and UHF
Oscillators” by Mr. Hahnel, Proceedings of the
L.R.E., January 1953, and upon “A Single Crystal
Multi-Channel Oscillator” by Messrs. L. R. Bat-
tersby and E. A. Conover (Signal Corps Project
No. 1382A, March 1954).

Savolainen, U. — The information on bimetallic
thermostats in paragraph 4-18 was obtained from
“Designing Bimetal Control Devices” by Mr. Sav-
olainen, Product Engineering, August 1950,

Sherman, J. W. Jr.—The writer is indebted to Mr.
Sherman of the General Electric Company for the
method described in paragraph 1-584 for simulat-
ing marginal crystal units in parallel-mode cir-
cuits.

ACKNOWLEDGMENTS FOR USE OF COPYRIGHTED ILLUSTRATIONS

Figure Number Courtesy of

1-2, 1-4,%1-15,

1-16 Institute of Radio Engineers

1-5, 1-8, 1-9,
1-11, 1-12, 1-13,
1-19(G), 1-20,
1-23, 1-24, 1-25,
1-28, 1-29, 1-32,
1-33, 1-34, 1-35,
1-38, 1-43, 1-44,
1-53, 1-54, 1-55,

D. Van Nostrand Company

Figure Number Courtesy of

1-56, 1-58, 1-59,
1-63, 1-65, 1-68,
1-71, 1-80, 1-81,
1-82, 1-83, 1-84,
1-86, 1-87, 1-117

D. Van Nostrand Company

1-21 McGraw-Hill Book Company
1-45, 1-46 Bell Systems Technical Journal
1-162 John Wiley and Sons

1-189, 1-190 Bell Telephone Laboratories

ACKNOWLEDGMENTS FOR USE OF COPYRIGHTED QUOTATIONS

Paragraph Number Courtesy of

1-57 to 1-68 McGraw-Hill Book Company

WADC TR 56-156



10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

. Anderson, F. B.: “Seven-League Oscillator,

Appendix |t
Bibliography

APPENDIX 11—BIBLIOGRAPHY

. Adler, R.: “A New System of Frequency Modulation,”

Proc. LR.E., vol. 35, pp. 25—31, 1947.

. Adler, R.: “Locking Phenomena in Oscillators,” Proc.

LR.E., vol. 34, pp. 351—357, 1946.

. Aigrain, P. R., and E. M. Williams: “Theory of Am-

plitude Stabilized Oscillators,” Proc. I.R.E., vol. 36,
pp. 16—19, 1948,

. Aigrain, P. R, and E. M. Williams: “Pseudosynchro-

nization in Amplitude Stabilized Oscillators,” Proc.
LR.E., vol. 36, pp. 800—801, 1948. *

. Aldous, D. W.: “A New Temperature-controlled Crys-

tal Cutting-head,” Electronic Eng., vol. 14, p. 605,
1942. '

. American Minerologist: Comprehensive series of arti-

cles on quartz and quartz-oscillator plates, as well as
glossary of terms used in the industry, A. Min., vol.
30, pp. 205—468, May-June 1945.

. American Radio Relay League: ARRL Handbook,

West Hartford, Conn., yearly.

. Ames, M. E.: “Wide Range Deviable Oscillator,” Elec-

tronics, vol. 22, pp. 96—100, May 1949.

' Proc.
ILR.E., vol. 39, pp. 881—890, 1951.

Anderson, J. E.: “Frequency Characteristics of Piezo-
electric Oscillators,” Electronics, vol. 11, pp. 22—24,
August 1938,

Andrew, V. J.: “The Adjustment of the Multivibrator
for Frequency Division,” Proc. I.LR.E., vol. 19, pp.
1911—-1917, 1931.

Anon.: “Improved Material for Magnetic Amplifiers,”
Electronics, vol. 21, p. 128, August 1948.

Anon.: “Stable Time and Frequency Standard,” Elec-
tronics, vol. 22, pp. 82—84, April 1949.

Appleton, E. V.: “The Automatic Synchronization of
Triode Oscillators,” Proc. Camb. Phil. Soec., vol. 21,
Pp. 231—248, 1922-1923.

Appleton, E. V., and B. van der Pol: “On the Form
of Free Triode Vibrations,” Phil. Mag., vol. 42, pp.
201—220, 1921.

Arguimbau, L. B.: Vacuum-tube Circuits, John Wiley,
New York, 1948,

Arguimbau, L. B.: “An Oscillator Having a Linear
Operating Characteristic,” Proe. I.R.E., vol. 21, pp.
14—28, 1933,

Armed Services Electro Standards Agency: Informa-
tion Bulletin on Quartz Crystal Units, ASESA 52-9,
Fort Monmouth, N. J, August 1952,

Armstrong, E. H.: “Some Recent Developments of
Regenerative Circuits,” Proc. I.R.E., vol. 10, pp. 244—
260, 1922,

Arndt, J. P.: Guard Rings to Prevent Surface Leak-
age, Patent 2,289,954,

Artz, M.: “Frequency Modulation of Resistance-Ca-
pacitance Oscillators,” Proc. I.LR.E., vol. 32, pp. 409—
414, 1944.

Atanasoff, J. V,, and P. J. Hart: “Dynamical Deter-
mination of the Elastic Constants and Their Tempera-
ture Coefficients for Quartz,” Phys. Rev., vol. 59, pp.
85—96, 1941,

Atanasoff, J. V., and E. Kammer: “A Determination
of the ¢, Elastic Constant for Betd-quartz,” Phys.
Rev., vol. 59, pp. 97—99, 1941.

WADC TR 56-156

635

24.
25.
26.
27,
28.
29.

30.

31.

32.
33.

34.

36.
37.

38.
39.

40.

41.

42.
43.

44.

Babat, G., and M. Losinsky: “Power Oscillators,”
W. E., vol. 17, pp. 16—18, 1940.

Balamuth, L.: “A New Method for Measuring Elastic
Moduli and the Variation with Temperature of the
Principal Young’'s Modulus of Rocksalt between 78°K
and 273°K,” Phys. Rev., vol. 45, pp. T15—720, 1934.
Baldwin, C. F.: “Quartz Crystals in Radio,” Com-
munications, vol. 22, pp. 20f., October 1942.

Baldwin, C. F.: “Quartz Crystals,” G. E. Rev., vol. 43,
pp. 188—194, 237—-243, 1940.

Baldwin, C. F,, and S. A. Bokovoy: “Practical Operat-
ing Advantages of Low Temperature-Frequency Co-
efficient Crystals,” @ST, vol. 19, pp. 26, 27, 92, Janu-
ary 1935.

Ballantine, S.: “High Quality Radio Broadcast Trans-
mission and Reception (Rochelle salt “sound-cell”),”
Proc. L.R.E., vol. 22, pp. 564—629, 1934.

Ballantine, S.: “A Piezo-electric Loud Speaker for the
Higher Audio Frequencies,” Proc. I.R.E., vol. 21, pp.
13991408, 1933.

Ballou, J. W, and S. Silverman: “Young’s Modulus
of Elasticity of Fibers and Films by Sound Velocity
Measurements,” Jour. Acous. Soc. Am., vol. 16, pp.
113—119, 1944.

Bancroft, D.: “The Velocity of Longitudinal Waves
in Cylindrical Bars,” Phys. Rev., vol. 59, pp. 588—593,
1941.

Bancroft, D.: “The Effect of Hydrostatic Pressure
on the Susceptibility of Rochelle Salt,” Phys. Rev.,
vol. 53, pp. 587—590, 1938.

Bantle, W., and P. Scherrer: “Anomaly of the Specific
Heat of Potassium Dihydrogen Phosphate at the
Upper Curie Point,” Nature, vol. 143, p. 980, 1939.

. Bardeen, J., and W, H, Brattain: “The Transistor, a

Semi-Conductor Triode,” Phys. Rev., vol. 74, p. 230,
1948.

Barrett, C. S, and C. E. Howe: “X-ray Reflection
from Inhomogeneously Strained Quartz,” Phys. Rev.,
vol. 39, pp. 889—897, 1932,

Bartelink, E. H. B.: “A Wide-Band Square-Wave
Generator,” Trans. A.LLE.E., vol. 60, pp. 371—376,
1941.

Bartiett, R. M.: “N-Phase Resistance-Capacitance
Oscillators,” Proc. {.R.E., vol. 33, pp. 541545, 1945.
Barton, Edwin H.: A Text-Book on Sound, Macmillan
& Co., Ltd., London, 1919, 687 pp.

Bass, S. L., and T. A. Kauppi: “Silicones—A New
Class of High Polymers of Interest to the Radio In-
dustry,” Proc. I.R.E., vol. 33, pp. 441—447, 1945.
Batcher, R. R.: “Thermistors in Electronic Circuits,
Electronic Inds., vol. 4, pp. 76—80, January 1945.
Batcher, R. R.: “Application of Piezoelectric Crystals
to Receivers,” Elecironics, vol. 3, pp. 57—58, August
1931.

Bauer, B.: “Design Notes on the Resistance-Capacity
Oscillator Circuit,” Hewlett-Packard J., November and
December 1949.

Baumgardt, E.: “Velocity of Propagation of Elastic
Waves in Piezoelectric Crystals,” C. R., vol. 206, pp.
1887—1890, 1938.




Appendix 1l
Bibliography

45.

46.

41.

48.
49.

50.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Baumzweiger, B.: “Application of Piezoelectric Vibra-
tion Pick-ups to Measurement of Acceleration, Veloc-
ity and Displacement,” Jour. Accus. Soc. Am., vol. 11,
pp. 303—307, 1940.

Baxter, H. W.: “A Recording Instrument for Tran-
sient Pressures,” Electrician, vol. 113, pp. 121—122,
1934.

Bazzoni, C. B.: “The Piezo-electric Oscillograph,”
Radio News, vol. 7, pp. 142—143, 253-—237, August
1925.

Bacon, D.: “Improving Crystal Filter Performance,”
QST, vol. 24, pp. 58f., December 1940.

Beck, F. J., and J. M. Kelly: “Magnetization in Per-
pendicularly Superposed Direct and Alternating
Fields,” J. Appl. Ph., vol. 19, pp. 5561562, 1948.
Becker, J. A., Green, C. B, and . L. Pearson: “Prop-
erties and Uses of Thermistors— Thermally Sensitive

Resistors,” Trans. A.LE.E., vol. 65, pp. T11—1725, 1946.
. Bechmann, R.:

“The Crystal Control of Transmit-
ters,” W. E., vol. 11, pp. 249253, 1934.

. Beers, G. L.: “A Frequency-Dividing Locked-in-Oscil-

lator Frequency-Modulation Receiver,” Proc. I.R.E.,
vol. 22, pp. 730—1737, 1944.

. Begun, 8. J.: “Some Problems of Disk Recording,”

Proc. I.R.E., vol. 28, pp. 389398, 1940; Jour. Soc.
Motion-Picture Eng., vol. 36, pp. 666—674, 1941.

. Benjamin, R.: “Blocking Oscillators,” Part IIIA, J.

LE.E., vol. 93, pp. 11569—1175, 1946.

. Bennett, W. R.: “A General Review of Linear Vary-

ing Parameter and Non-linear Circuit Analysis,” Proec.
LR.E., vol. 38, pp. 259—263, 1950.

. Benson, J. E.: “Modes of Vibration and Design of

V-cut Quartz Plates for Medium Broadcast Frequen-
cies,” A.W.A. Tech. Rev., vol. 6, pp. 783—89, 1943,
Benson, J. E.: “A Note on the History of Piezo-
electric Crystal Filters,” A.W.A. Tech. Rev., vol. 5,
pp. 191192, 1941,

Benson, J. E.: “Crystal Control of the Mixer Oscil-
lator in a Superheterodyne Receiver,” A.W.A. Tech.
Rev., vol. 4, pp. 127—137, 1939; vol. 5, pp. 29—40,
1940.

Benson, J. E.: “A Piezoelectric Calibrator,” A.W.A.
Tech. Rev., vol. 5, pp. 47—50, 1940.

Berberich, L. J., Fields, C. V., and R. E. Marbury:
“Characteristics of Chlorinated Impregnants in Di-
rect-Current Paper Capacitors,” Proec. I.R.E., vol. 33,
pp. 389—-397, 1945,

Bertram, S.: “The Degenerative Positive-Bias Multi-
vibrator,” Proc. LR.E., vol. 36, pp. 277—280, 1948.
Bertsch, C. V.: “X-ray Studies of Crystals Vibrating
Piezoelectrically,” Phys. Rev., vol. 49, pp. 128—132,
1936.

Biggs, A. J., and G. M. Wells: “The Measurement of
the Activity of Quartz Oscillator Crystals,” J.I.E.E,,
vol. 93, part III, No, 21, January 1946.

Bird, J. R.: “Recent Improvements in Crystal Pickup
Devices,” Proc. LR.E., vol. 25, p. 660, 1937.

Black, H. S.: “Stabilized Feedback Amplifiers,” Bell
Swustem T. J., vol. 13, pp. 1—18, 1934; also Elec. Eng.,
vol. H3, p. 114, 1934,

Bliley Electric Co.: Development of Harmonic Mode
Crystals, Signal Corps Contract No. W36-039-sc—
32136, February 1949.

Bloch, A.: “New Methods for Measuring Mechanical
Stresses at Higher Frequencies,” Nature, vol. 136, pp.
223--224, 1935; see also Electrontes, vol. 8, pp. 212—
213, 1935.

Bloomenthal, S.: “The Converse Piezoelectric Effect
in Mixed Crystals Isomorphous with Rochelle Salt,”
Physies, vol. 4, pp. 172—1717, 1933.

Bode, H. W.: Network Analysis and Feedback Ampli-
fier Design, D. Van Nostrand, New York, 1945.

WADC TR 56-156

636

70.

1.
72.

73.

4.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

86.

817.

88.

89.

Boella, M.: “Performance of Piezo-Oscillators and the
Influence of the Decrement of the Quartz on the Fre-
quency of Oscillations,” Proc. I.R.E., vol. 19, p. 1252,
1931.

Bokovoy, S. A.: “Quartz Crystals—Development and
Application,” Elec. Comm., vol. 21, pp. 233-—246, 1944.
Bokovoy, S. A.: “Piezoelectric Quartz Element,” Pat-
ent 2,111,384, filed September 30, 1936, issued March
15, 1938.

Bokovoy, S. A.: “Mounting for Piezoelectric Ele-
ments,” Patent 2,078,229, filed December 31, 1935,
issued April 27, 1937.

Bokovoy, S. A.: “Quartz Piezo-Electric Element,” Pat-
ent 2,064,288, filed May 31, 1934, issued December 15,
1936.

Bokovoy, S. A, and Baldwin, C. F.: “Improvements in
or Relating to Piezo-Electric Crystals,” methods of
cutting quartz for use as length-and-breadth mode
oscillators, British Patent Specification 457,342, filed
May 31, 1935, issued November 26, 1936.

Booth, C. F.: “The Application and Use of Quartz
Crystals in Telecommunications,” J.I.E.E., vol. 88,
part 3, pp. 97—128, 1941; discussion, pp. 128—144.
Booth, C. F., and C. F. Sayers: “The Production of
Quartz Resonators for the London-Birmingham Co-
axial Cable System,” P.O.E.E.J., voi. 32, pp. T—15,
88—93, 1939.

Booth, C. F., and E. J. C. Dixon: “Crystal Oscillators
for Radio Transmitters: An Account of Experimental
Work Carried Out by the Post Office,” W. E., vol. 12,
pp. 198—200, 1935; J.I.E.E., vol. 77, pp. 197—236, dis-
cussion pp. 237—244, 1935; Proc. Wireless Sec., L. E.E.,
vol. 10, pp. 129—168, discussion, pp. 169—176, 1935.
Bond, W. L.: “Sawing, Grinding and ‘Lapping’”;
refer to book by Heising, R. A.: Quartz Crystals for
Electrical Circuits, D. Van Nostrand, New York, pp.
290—316, 1946.

Bond, W. L.: “The Ring Eccentricity ‘Correction’”;
refer to book by Heising, R. A.: Quartz Crystals for
Electrical Circuits, D. Van Nostrand, New York, pp.
91—94, 1946.

Bond, W. L.: “Methods for Specifying Quartz Crystal
Orientation and Its Determination by Optical Means,”
Bell Syst. T. J., vol. 22, pp. 224—262, 1943; also
printed in book by Heising, R. A.: Quartz Crystals
for Electrical Circuits, D. Van Nostrand, New York,
pp. 57—91, 1946.

Bond, W. L., and E. J. Armstrong: “The Use of
X-rays for Determining the Orientation of Quartz
Crystals,” Bell Syst. T. J., vol. 22, pp. 293—337, 1943;
also printed in book by Heising, R. A.: Quartz Crys-
tals for Klectrical Circuits, D. Van Nostrand, New
York, pp. 95—139, 1946.

Bond, W. L.: “Processing Quartz,” Bell Labs. Rec.,
vol. 22, pp. 359361, 1944.

Bond, W, L.: “The Mathematics of the Physical Prop-
erties of Crystals,” Bell Syst. T. J., vol. 22, pp. 1—72,
1943.

. Bond, W. L.: “A Mineral Survey for Piezoelectric

Materials,” Bell Syst. T. J., vol. 22, pp. 146—152, 1943,
Bond, W. L.: “Division of Metal Plating by Stylus,”
Patent 2,248,057.

Bosch, W. C.,, and W. G. Allée, Jr.: “Circuit Details
for a Small Supersonic Oscillator of the Piezoelectric
Type,” Am. Phys. Teacher, vol. 6, pp. 272—273, 1938.
Bothwell, F. E.: “Nyquist Diagrams and the Routh-
Hurwitz Stability Criterion,” Proc. I.R.E., vol. 38, pp.
1345—1348, 1950.

Bottom, V. E., Colorado A. & M. College: Parameters
Which Determine the Performance of Ptezoelectric
Plate, Sig. Corps Contract DA36-039-sc—32083, July
1950.



90.

91.

92.

93.

94.

95.

96.
97.
98.

99.
100.
101.
102.

103.

104.

105,

106.

107.

108.

109.

110.

111.

112,

113.

114.

Bottom, V. E.: “The Mathematics of the Equivalent
Electrical Circuit of the Quartz Crystal Unit,” printed
in Fundamental Principles of Crystal Oscillator 1ic-
sign, U. S. Army Signal Corps, Long Branch Signal
Laboratory, pp. 20—35, 1945.

Bower G. G.: “Crystal-Controlled Electron-Coupled
Oscillator,” printed in Fundamental Principles of
Crystal Oscillator Design, U. S. Army Signal Corps,
Long Branch Signal Laboratory, pp. 79—84, 1945,
Boyle, R. W., and D. O. Sproule: “Oscillation in Ultra-
sonic Generators and Velocity of Longitudinal Vibra-
tions in Solids at High Frequencies,” Nature, vol. 123,
p. 13, January 5, 1929.

Boyle, R. W.: “Ultraseaics,” Science Progress, vol. 23,
pp. 75—105, 1928.

Boyle, R. W,, Lehmann, J. F.,, and S. C. Morgan:
“Some Measurements of Ultrasonic Velocities in Li-
quids,” Trans. Roy. Soc. Can., vol. 22, sec. 3, pp. 371
378, 1928.

Bradley, A. J., and A. H. Jay: “Quartz as a Standard
for Accurate Lattice-spacing Measurements,” I’roc.
Phys. Soc. (London), vol. 45, pp. 507—>522, 1933,
Bradley, W. E.: “Superregenerative Detectionn The-
ory,” Electronics, vol. 21, pp. 96-—98, September 1948.
Bradley, W. E.: “Single Stage F-M Detector,” Elec-
tronics, vol. 19, pp. 88—91, October 1946.

Bragg, W., and R. E. Gibbs: “The Structure of Alpha-
and Beta-quartz,” Proc. Roy. Soc., vol. 109, pp. 405—
427, 1925.

Bragg, W. L.: Atomic Structure of Minerals, Cornell
University Press, Ithaca, New York, 1937, 292 pp.
Briggs, H. B.: “A Supersonic Cell Fiuorometer,” Jour.
Optical Soc. Am., vol. 31, pp. 543—549, 1941.
Brotherton, M.: Capacitors, D. Van Nostrand, New
York, 1946.

Brown, G. H., Hoyler, C. N, and R. A. Bierwith:
Theory and Application of Radio Frequency Healing,
D. Van Nostrand, New York, 1947,

Brown, G. H.: “Efficiency of Induction Heating Coils,”
Electronics, vol. 17, pp. 124—129, August 1944.
Brown, H. A.: “Oscilloscope Patterns of Damped Vi-
brations of Quartz Plates and Q Measurements with
Damped Vibrations,” Proc. I.LR.E., vol. 29, pp. 195—
199, 1941.

Brown, R. H.: “Harmonic Amplifier Design,” Proc.
LR.E., vol. 35, pp. T71—7717, 1947,

Brown, S. L., and S. Harris: “Measurements of Tem-
perature Coefficient and Pressure Coefficient of Quartz
Crystal Oscillators,” R.S.I., vol. 2, pp. 180—183, 1931.
Brown, W. F., Jr.: “Interpretation of Torsional Fre-
quencies of Crystal Specimens,” Phys. Rev., vol. 58,
pp. 998-—-1001, 1940.

Brown, W. F.: “Quartz Crystals Overtone Oscilla-
tors,” Royal Aireraft Establishment, Farnborough,
England, Tech. Note: Rad. 460, September 1949.
Browne, C. 0O.: “Demonstration of High-Frequency
Fluctuations in the Intensity of a Beam of Light,”
Proc. Phys. Soc. (London), vol. 40, p. 36, 1927,
Bruce, W. A, and G. E. M. Jauncey: “Dependence of
Diffuse Scattering of X-rays from Quartz upon the
Angle between the Crystal Axis and the Plane of
Scattering, (abstract) Phys. Rer., vol. 49, pp. 418—
419, 1926.

Bruck, G. S.: “Simplified Frequency Modulation,”
Proc. L.R.E., vol. 34, p. 458, 1946.

Brunetti, C., and L. Greenough: “Some Characteris-
tics of a Stable Negative Resistance,” Proc. I.R.E.,
vol. 30, pp. 542—546, 1942.

Brunetti, C.: “The Transitron Oscillator,”
LR.E., vol. 27, pp. 88-—94, 1939,

Brunetti, C.: “The Clarification of Average Negative
Resistance with Extension of Its Use,” Proc. I.LR.E.,
vol. 25, pp. 1593—1616, 1937.

Proc.

WADC TR 56-156

115.
116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.
1217.
128.
129.
130.

131.

132.

133.

134.

135.

136.

1317.

138.
139.

140.

Appendix I
Bibliography

Buckley, O. E.: “The Evolution of the Crystal Wave
Filter,” Jour. Applied Phys., vol. 8, pp. 40—47, 1937.
Buehler, E.,, and A. C. Walker: “Growing Quartz
Crystals,” Sci. Monthly, vol. 69, pp. 148—155, 1949.
Builder, G., and J. E. Benson: “Simple Quartz-crystal
Filters of Variable Bandwidth,” A.W.A. Teck. Rev.,
vol. 5, pp. 93—103, 1941; also in Wireless Eng. Exptl.
Wireless (London), vol. 20, pp. 183189, 1943.
Builder, G.: “A Stabilized Frequency Divider,” Proc.
LR.E., vol. 29, pp. 177—181, 1941.

Builder, G., and J. E. Benson: “Contour-mode Vibra-
tions in Y-cut Quartz-crystal Plates,” Proc. I.LR.E.,
vol. 29, pp. 182—185, 1941; A.W.A. Tech. Rev., vol. 5,
pp. 181189, 1941.

Builder, G.: “A Note on the Determination of the
Equivalent Electrical Constants of a Quartz-crystal
Resonator,” A.W.A. Tech. Rev., vol. 5, pp. 41—45,
19490,

Builder, G., and J. E. Benson: “Precision Frequency-
control Equipment Using Quartz Crystals,” A.W.A.
Tech. Rev., vol. 3, pp. 157—214, 1938; Proc. World
Radio Convention, Sydney, Australia, 1938.

Builder, G.: “Resistance-balancing in Wave Filters,”
A.W.A. Tech. Rev., vol. 3, pp. 83—100, 1938.
Builder, G.: “Quartz Crystals for the Control and
Measurement of Frequency,” A.W.A. Tech. Rev., vol.
2, pp. 104—105, 1936.

Burgess, R. E.: “Oscillator Power Relations,” Wire-
less Eng., vol. 23, pp. 237240, 1946.

Burns, G. K.: “Manufacture of Quartz Crystal Fil-
ters,” Bell System Tech. Jour., vol. 19, pp. 516——532,
1940.

Bushby, R. W.: “Thermal Frequency Drift Compen-
sation,” Proc. I.R.E., vol. 30, pp. 546553, 1942.
Butler, F.: “Series Resonant Crystal Oscillators,”
W. E., vol. 23, p. 1, 1946.

Butler, F.: “Cathode-Coupled Oscillators,” W. E,, vol.
21, p. 521, November 1944.
Cady, W. G.: Piezoelectricity,
York, 1946.

Cady, W. G, and K. 8. Van Dyke: “Proposed Stand-
ard Conventions for Expressing the Elastic and Piezo-
electric Properties of Right- and Left-quartz,” Proc.
LR.E., vol. 30, pp. 495—499, 1942.

Cady, W. G.: “A Survey of Piezoelectricity,” A.P.T.,
vol. 6, pp. 227—242, 1938.

Cady, W. G.: “The Longitudinal Piezoelectric Effect
in Rochelle Salt Crystals,” Proc. Ph. Soc., vol. 49, pp.
646—653, 1937.

Cady, W. G.: “The Piezoelectric Resonator and the
Effect of Electrode Spacing upon Frequency,” Physics,
vol. 7, pp. 237259, 1936.

Cady, W. G.: “A Quartz Crystal Used as a Selective
Filter,” Patent 1,994,658, filed June 7, 1927, issued
March 19, 1935.

Cady, W. G.: “The Potential Distribution Between
Parallel Plates and Concentric Cylinders Due to Any
Arbitrary Distribution of Space Charge,” Physics,
vol. 6, pp. 10—13, 1935.

Cady, W. G.: “The Application of Methods of Geo-
metrical Inversion to the Solution of Certain Prob-
lems in Electrical Resonance,” Proc. A.A.A.S., vol. 68,
pp. 383—409, 1933.

Cady, W. G.: “Low Frequency Vibrations in Rochelle
Salt and Quartz Plates,” (abst.), Phys. Rev., vol. 39,
p. 862, 1932.

Cady, W. G.: “Piezoelectric Terminology,” Proc.
LR.E., vol. 18, pp. 2136—2142, 1930.

Cady, W. G.: “Electroelastic and Pyro-electric Phe-
nomena,” Proc. LR.E., vol. 18, pp. 12471262, 1930.
Cady, W. G.: “Some Electromechanical Properties of
Rochelle Salt Crystals,” (abst.), Phys. Rev., vol. 33,
pp. 278—279, 1929.

McGraw-Hill, New



Appendix 1
Bibliography

141.
142.
143.

144.

145.

146.

147.
148.

149.

159.

160.

161.

162,

163,

164.

165.

166.

Cady, W. G.: “Bibliography on Piezoelectricity,” Proc.
LR.E., vol. 16, pp. 521—535, 1928.

Cady, W. G.: “A Shear Mode of Crystal Vibration,”
(abst.), Phys. Rev., vol. 29, p. 617, 1927.

Cady, W. G.: “Piezoelectric Standards of High Fre-
quency,” J.O.8.A., vol. 10, pp. 475—489, 1925,

Cady, W. G.: “An International Comparison of Radio
Wavelength Standards by Means of Piezoelectric Res-
onators,” Proc. I.R.E., vol. 12, pp. 805—816, 1924.
Cady, W. G.: “Piezoelectrically Driven Tuning-forks
and Rods,” Phys. Rev., vol. 21, pp. 371—372, 1923.
Cady, W. G.: “A Method of Testing Plates from
Piezoelectric Crystals,” J.0O.S.A., vol. 6, pp. 183—185,
1922,

Cady, W. G.: “The Piezoelectric Resonator,” Proc.
I.LR.E., vol. 10, pp. 83—114, 1922,

Cady, W. G.: “Theory of Longitudinal Vibrations of
Viscous Rods,” Phys. Rev., vol. 19, pp. 1—6, 1922.
Camfield, G. J.: “The Design of Fundamental Mode
Quartz Crystal Oscillators,” Royal Aircraft Estab-
lishment, Farnborough, England, Tech. Note: Rad.
525, July 1952.

. Carnahan, C. W., and H. P. Kalmus: “Synchronized

Oscillators as F-M Receiver Limiters,” Electronics,
vol. 17, pp. 108—111, August 1944.

. Carruthers, R. S.: “Some Experimental and Practical

Applications of Transistor Oscillators,” pp. 397—414
of The Transistor, prepared by Bell Telephone Lab-
oratories, Inc., Murray Hill, N. J., November 1951.

. Chaffee, J. G.: “The Application of Negative Feed-

back to Frequency-Modulation Systems,” Bell System
T. J., vol. 18, pp. 404—437, 1939; also Proc. L.R.E.,
vol. 27, pp. 317—331, 1939.

. Chaffee, E. L., and C. N. Kimball: “A Method of

Determining the Operating Characteristics of a Power
Oscillator,” J. Frank Inst., vol. 221, p. 237, 1936.

. Chaffee, E. L.: “Equivalent Circuits of an Electron

Triode and the Equivalent Input and Output Admit-
tances,” Proc. LR.E., vol. 17, p. 1633, September 1929.

. Chance, B., et al.: Waveforms, McGraw-Hill, New

York, 1949.

. Chance, B.: “Some Precision Circuit Techniques Used

in Wave Form Generation and Time Measurement,”
R.S.1., vol. 17, pp. 396—415, 1946,

. Chang, C. K.: “A Frequency-Mcdulated Resistance-

Capacitance Oscillator,” Proc. I.R.E., vol. 31, pp. 22—
25, 1943.

. Chang, H., and V. C. Rideout: “The Reactance Tube

Oscillator,” Proc. I.R.E., vol. 37, pp. 1330—1331, 1949;
also p. 1096, 1950.

Christopher, A. J., and J. A. Kater: “Mica Capacitors
for Carrier Telephone Systems,” Elec. Eng. (Trans-
actions Sect.), vol. 65, pp. 670—673, 1946.

Chu, E. L.: “Notes on the Stability of Linear Net-
works,” Prec. I.LR.E., vol. 32, pp. 630—637, 1944.
Clapp, J. K.: “An Inductance-Capacitance Oscillator
of Unusual Frequency Stability,” Proc. I.R.E., vol. 36,
pp. 356—358; also p. 1261, 1948.

Clapp, J. K.: “A Bridge Controlled Oscillator,” Gen-
eral Radio Experimenter, vol. XVIII, No. 11, p. 1,
April 1944,

Clapp, J. K., and J. D. Crawford: “Frequency Stand-
ardization,” QST, vol. 14, pp. 9—15, March 1930.
Clapp, J. K.: “Universal Frequency Standardization
from a Single Frequency Standard,” J.O.S.A., vol. 15,
pp. 26—47, 1927,

Close, R, N., and M. T. Lebentaum: “Design of Phan-
tastron Time-Delay Circuits,” Electronies, vol. 21, pp.
100—107, April 1948,

Cochran, D)., and R. W. Samsel: “Ultrasonics—A
Method of Determining the Acoustic Properties, Ab-
sorption and Velocity, for Materials to be Used as

WADC TR 56-156

167.

168.

169.

170.

171.

172,

173.

174.

176.
177.
178.

179.

180.
181.
182.

183.

188.

189.

190.

”

Ultrasonic Windows, Lenses, and Reflectors,” Gen.
Elec. Rev., vol. 47, pp. 39—41, 1944,

Cocking, W. T.: “Linear Saw-Tooth Oscillator,” W.
World, vol. 52, pp. 176-—178, June 1946.

Colby, M. Y., and S. Harris: “An X-ray Study of a
Long X-cut Quartz Crystal Vibrating Under the
Transverse Piezoelectric Effect,” Phys. Rev., vol. 46,
pp. 445450, 1934.

Colby, M. Y., and S. Harris: “Effect of Etching on
the Relative Intensities of the Companents of Double
Laue Spots Obtained from a Quartz Crystal,” Phys.
Rev., vol. 43, pp. 562-—563, 1933.

Colebrook, F. M.: “A Theoretical and Experimental
Investigation of High Selectivity Tone-corrected Re-
ceiving Circuits,” Radio Res. Board, Nat. Phys. Lab.,
Speec. Rept. 12, London, 1932,

Compton, A. H., and S. K. Allison: X-rays in Theory
and Experiment, 1. Van Nostrand, pp. 340—346, New
York, 1935.

Cook, R. K.: *“Absolute Pressure Calibrations of Mi-
crophones” (use of tourmaline disk), Bur. Standards
Jour. Research, vol. 25, pp. 489—505, 1940.

Cooke, W. T.: “The Variation of the Internal Fric-
tion and Elastic Constants with Magnetization in
Iron, Part L,” Phys. Rev., vol. 50, pp. 11568—1164,1936.
Cork, J. M.: Laue Patterns from Thick Crystals at
Rest and Oscillating Piezoelectrically,” Phys. Rev.,
vol. 42, pp. T49—752, 1932,

. Cortez, S. H.: “Interferometer Method for Measur-

ing the Amplitude of Vibration of Quartz Bar Crys-
tals,” J.0O.5.4., vol. 24, pp. 127—129, 1934, erratum,
vol. 24, p. 194, 1934.

Coursey, R.: Electrical Condensers, Pitman, London,
1927.

Crain, H. M.: “Low-Frequency Discriminator,” Elec-
tronics, vol. 22, pp. 9697, June 1949.

Crandall, Irving B.: Theory of Vibrating Systems and
Sound, D. Van Nostrand, New York, 1926, 272 pp.
Creighton, J. L., Lau, H. B,, and R. J. Turner: “Crys-
tal Oscillators and Their Application to Radio Trans-
mitters Control,” J.L.E.E., vol. 94, part IIIA, No. 12,
1947.

Crosby, M. G.: “Communication by Phase Modula-
tion,” Proc. I.LR.E., vol. 27, pp. 126--136, 1939.
Crossley, A.: “Modes of Vibration in Piezoelectric
Crystals,” Proc. 1.LR.E., vol. 16, pp. 416—423, 1928.
Crossley, A.: “Piezoelectric Crystal-controlled Trans-
mitter,” Proc. [.R.E., vol. 15, pp. 936, 1927.

Dake, H. C,, Fleener, F. L., and B. H. Wilson: Quartz
Family Minerals, Whittlesey House, New York, 1938,
304 pp.

. Dale, A. B.: The Form and Properties of Crystals,

University Press, Cambridge, London, 1932, 186 pp.

. Davey, Wheeler P.: A Study of Crystal Structure and

Its Applications, McGraw-Hill, New York, 1934, 695
pp.

. David, E. E., Jr.: “Some Aspects of RF Phase Con-

trol in Microwave Oscillators,” Technical Report 100,
June 11, 1949, Research Laboratory of FElectronics,
Masssachusetts Institute of Technology.

. David, E. E, Jr.: “Locking Phenomena in Microwave

Oscillators,” Technical Report 63, April 8, 1948, Re-
search Laboratory of Electronics, Massachusetts In-
stitute of Technology.

Davies, R. M.: “On the Dectermination of Some of
the Elastic Constants of Rochelle Salt by a Dynamical
Method,” PPhil. Mag., vol. 16, pp. 97—124, 1933.
Davis, K. H.: “Multivibrator Step-Down by Fractional
Ratios,” Bell Lab. Record, vol. 26, p. 114, March 1948.
Davy, N,, Littlewood, J. H., and M. McCraig: “The
Force-Time Law Governing the Impact of a Hammer
on a Stretched String,” Phil. Mag., vol. 27, pp. 133—
143, 1939.



191.
192.

193.

194.

195.

196.

197.

198.
199.

200.

201.

202.

2017.
208.
209.
210.
211.

212.

213.

214.

215.

216.

2117.

Dawson, L. H.: “Piezoelectricity of Crystal Quartz,”
Phys. Rev., vol. 29, pp. 532—541, 1927.

Day, J. R.: “Serrasoid F-M Modulator,” Electronics,
vol. 21, pp. 72—76, October 1948.

Debye, P., and F. W. Sears: “Scattering of Light by
Supersonic Waves,” Proc. Nat. Acad. Sci., vol. 18, pp.
409—414, 1932.

Debye, P.: Polar Molecules, Chemical Catalog Com-
pany, Inc., New York, 1929, 172 pp.

De Lange, O. E.: “A Variable Phase-Shift Frequency-
Modulated Oscillator,” Proc. I.LR.E., vol. 37, pp. 1328—
1330, 1949.

De Laup, S.: “Sine Waves in R-C Oscillators,” Elec-
tronics, vol. 14, pp. 34—36, January 1941.

d’Heedene, A. R.: “Effects of Manufacturing Devia-
tions on Crystal Units for Filters,” refer to book by
Heising, R. A.: Quartz Crystals for Electrical Cir-
cuits, D. Van Nostrand, New York, pp. 458—492, 1946.
Doherty, R. E., and E. G. Keller: Mathematics of
Modern Engineering, John Wiley, New York, 1936.
Doherty, W. H.: “Synchronized FM Transmitter,”
F. M. Mag., vol. 1, pp. 21—25, December 1940.

Donal, J. S, and R. R. Bush: “A Spiral-Beam Method
for the Amplitude Modulation of Magnetrons,” Proc.
LR.E., vol. 37, pp. 375—382, 1949.

Dow, J. B.: “A Recent Development in Vacuum-Tube
Oscillator Cireuits,” Proz, 1.R.E., vol. 19, pp. 2055—
2108, 1931,

Drews, W. F., and A. E. Swickard: “The Wire
Mounted Crystal Unit,” refer to book by Heising,
R. A.: Quartz Crystals for Electrical Circuits, 1). Van
Nostrand, New York, pp. 493—536, 1946.

3. Druesne, M. A. A.: “Quartz Crystals,” Communica-

tions, vol. 23, pp. 46f., September 1943.

. Dudley, B.: “Introduction to Transients,” Electronics,

vol. 17, p. 132, August 1944.

. Dye, D. W.: “The Modes of Vibration of Quartz Piezo-

electric Plates as Revealed by an Interferometer,”
Proc. Roy. Soc., vol. 138, pp. 1--16, 1932.

. Dye, D. W.: “Piezoelectric Quartz Resonator and

Equivalent Electrical Circuit,” Proc. Ph. Soc., vol. 38,
pp. 399—457; discussicn, pp. 4567458, 1926.

Easton, A.: “Pulse-Modulated Oscillator,” Electronics,
vol. 20, pp. 124-——129, March 1947.

Eastman, A. V.: Fundamentals of Vacuum Tubes.
Eccles, W. H., and W. A. Leyshon: “Some New Meth-
ods of Linking Mechanical and Electrical Vibrations,”
Proc. Ph. Soc., vol. 40, pp. 229—232, 1928.

Eccles, W. H., and F. W. Jordan: “Trigger Relay,”
Radio Rev., vol. 1, p. 143, October 1919.

Edson, W. A.: Vacuum-Tube Oscillators, John Wiley
and Sons, New York, 1953, 476 pp.

Edson, W. A, et «l.: “High Frequency Crystal-Con-
trolled Oscillator Circuits,” Final Report on Signal
Corps Contract W36-039-s¢—36841, Georgia Institute
of Technology, State Engineering Experiment Sta-
tion, Atlanta, Ga., )ecember 1950.

Edson, W. A, et al.: “The Keying Properties of
Quartz Crystal Oscillators,” Final Report on Signal
Corps Contract W36-039-sc—32100, Georgia Institute
of Technology, State Engineering Experiment Sta-
tion, Atlanta, Ga., December 1947.

Edson, W. A.: “Intermittent Behavior in Oscillators,”
Bell Syst. T. J., vol. 24, pp. 1—22, 1945.

-Kdwards, C. M.: “A Precision Decade Oscillator for

20 Cycles to 200 Kilocycles,” Proc. I.R.E., vol. 39, pp.
277378, 1951.

Ekstein, H.: “Frce Vibrations of Anisotropic Bodies,”
Phys. Rev., vol. 66, pp. 108—118, 1944.

Ellis, W. G.: “New Electrophones for High-fidelity
Sound Reproduction.” Radie Eng., vol. 13, pp. 18f.,
October 1933.

WADC TR 56-156

218.

219.

220.

221.

222.

223.

224,

226.

221.

228.

229.

230.

231.

232.

238.

239.

240.

241.

242,

243.

. Fair, 1. E.: “Using Hig}t

. Feinberg, R.:

Appendix i
Bibliography

Eltgroth, G. V.: “Frequency Stability of Tuned Cir-
cuits,” Electronies, vol. 17, p. 118, February 1944.
Ervin, C. T.: “A Piezoelectric Gauge for Recording
the Instantaneous Pressure in Shotguns,” Jour.
Franklin Inst., vol. 213, pp. 503-—514, 1932.
Espenschied, L.: “Quartz Crystals Used in Ladder
Form Circuits to Obtain Band-pass Filters,” Patent
1,795,204, filed January 3, 1927, issued August 8, 1933.
Espley, D. C.: “Harmonic Production and Cross Mod-
ulation in Thermionic Valves with Resistive Loads,”
Proc. I.R.E., vol. 22, pp. 781790, 1934.

Essen, L.: “A New Form of Frequency and Time
Standard,” Proc. Ph. Soc., vol. 50, pp. 413—423; dis-
cussion, pp. 423--426, 1938,

Essen, L.: “The Dye Quartz Ring Oscillator as a
Standard of Frequency and Time,” Proc. Roy. Soc.,
vol. 155, pp. 498—519, 1936.

Essen, L.: “International Frequency Comparisons by
Means of Standard Radio-frequency Emissions,” Proc.
Roy. Soe. (London), vol. 149, pp. 506—510, 1935,

. Essen, L.: “Oscillations of Hollow Quartz Cylinders,”

Nature, vol. 135, p. 1076, 1935.

Essen, L.: “Examples of the Electrical Twinning of
Quartz,” J. Sci. Instr., vol. 12, pp. 256—257, 1935.
Essen, L.: “Description of the Quartz Control of a
Transmitter at 1785 Kilocycles per Second,” Proc.
Wireless Sec. I.LE.E., vol. 9, pp. 167—169, 1934.
Evans, R. C.: “The Dielectric Constant of Mixed
Crystals of Sodium Ammonium and Sodium Potas-
sium Tartrates,” Phil. Mag., vol. 24, pp. 70—T79, 19317.
Everitt, W. L.: Communication FEngineering, Mc-
Graw-Hill, New York, 2nd ed., 1937.

Everitt, W. L.: “Optimum Operating Conditions for
Class C Amplifiers,” Proc. I.R.E., vol. 22, pp. 152—
176, 1934. :

Fair, 1. E., Bell Telephone Laboratories: “Design
Data on Crystal Controlled Oscillators” printed in
Information Bulletin on Quartz Crystal Units, ASESA
52-9, Armed Services Electro Standards Agency, Fort
Monmouth, N. J., pp. 1—21, August 1952,

Fair, 1. E.: “Piezo Electric Crystals in Oscillator Cir-
cuits,” Bell System Tech. J., vol. 24, pp. 161—2186,
1945; also printed in book by Heising, R. A.: Quartz
Crystals for Electrical Circuits, D. Van Nostrand,
New York, pp. 356-——411, 1946.

“rystal Harmonics for
Oscillator Control,” Bell Labs. Rec., vol. 21, pp. 237—
242, 1943.

. Federal Telephone and Radio Corp.: “Reference Data

for Radio Engineers,” New York, 2nd ed., 1946.

. Fehr, R. O.: “Quartz-crystal Acceleromecter,” (ien.

Elec. Rev., vol, 45, pp. 269-—272, 1942.

“Symmetrical and Asymmetrical Multi-
vibrators,” W. E., vol. 26, pp. 1563—158 and 326—330,
1949.

. Fischer, H. B.: “A Crystal Control Superheterodyne

Receiver,” Bell Labs. Record, vol. 11, pp. 273—278,
1933.

Fleming, L.: “Thermistor-Regulated Low-Frequency
Oscillator,” Electronics, vol. 19, pp. 97—99, October
1946.

Fleming-Williams, B. C.:“A Single-Valve Time-Base
Circuit,” W. E., vol. 17, pp. 161—163, 1940,

Flint, W. A.: “New Double-crystal Band-pass Fil-
ters,” Electronics and Television and Short-wave
World, vol. 13, pp. 5562—554, 1940.

Floyd, G. H.: “Vacuum Capacitors,” Proc. I.R.E.,
vol. 32, pp. 463—470, 1944,

Ford, J. R., and N. I. Korman: “Stability and Fre-
quency Pulling of Loaded Unstabilized Oscillators,”
Proc. I.R.E., vol. 34, pp. T94—799, 1946.

Fortescue, R. L.: “Quasi-Stable Frequency Dividing
Circuits,” J.I.LE.E., vol. 84, pp. 693—698, 1939.



Appendix 1l
Bibliography

244.

246.
247.
248.
249.

250.

251.

257.
258.
259
260.

261.

262.

263.
264.
265.

266.

267.

268.

Foster, D. E., and A. E. Newton: “Measurements of
Iron Cores at Radio Frequencies,” Proc. I.LR.E., vol.
29, pp. 266—276, 1941.

. Foster, D. E,, and S. W. Seeley: “Automatic Tuning,

Simplified Circuits and Design Practice,” Proc. LR.E.,
vol. 25, pp. 289—313, 1937.

Foster, R. M.: “A Reactance Thecrem,” Bell Syst.
T. J., vol. 3, pp. 259—269, 1924.

Fowler, R. H.:Statistical Mechanics, 2nd ed., Cam-
bridge University Press, London, 1936, 864 pp.
Fowler, R. H.: “A Theory of the Rotations of Mole-
cules in Solids and of the Dielectric Constants of Solid
and Liquids,” Proc. Roy. Soc., vol. 149, pp. 1—28,
1935.

Fox, F. E., and G. D. Rock: *“A Quartz Plate with
Coupled Liquid Column as a Variable Resonator,”
Proc. IL.R.E., vol. 30, pp. 29—33, 1942.

Fox, F. E,, and G. D. Rock: “Ultrasonic Absorption
in Water,” Jour. Acous. Soc. Am., vol. 12, pp. 505—
510, 1941.

Fox, F. E,, and G. D. Rock: “An Ultrasonic Strobo-
scope for Measuring Sound Wave-Length in Liquids,”
Rev. Sei. Instruments, vol. 10, pp. 345—348, 1939.

. Fox, F. E,, and G. D. Rock: “An Ultrasonic Source

of Improved Design: Optical Studies of Ultrasonic
Waves in Liquids,” R.S.1., vol. 9, pp. 341-345, 1938.

. Fox, F. E, and G. D. Rock: “The Ultrasonic Radia-

tion Field of a Quartz Disk Radiating Into Liquid
Media,” Phys. Rev., vol. b4, pp. 223—228, 1938.

. Fox, F. E.: “Ulrasonic Interferometry for Liquid

Media,” Phys. Rev., vol. 52, pp. 973—981, 1937.

. Fox, G. W,, and D. W. Stebbins: “Effect of Quartz

Filters on the Distribution of Energy in Laue Pat-
terns,” Phys. Rev., vol. 55, pp. 405—408, 1939.

. Fox, G. W, and J. R. Frederick: “Further Study of

X-ray Diffraction in Quartz,” Phys. Rev., vol. 53, pp.
135—136, 1938.

Fox, G. W., and W. A. Fraser: “X-ray Extinction in
Piezoelectrically Oscillating Crystals,” Phys. Rev.,
vol. 47, pp. 899—902, 1935,

Fox, G. W., and G. A. Fink: “The Piezoelectric Prop-
erties of Quartz and Tourmaline,” Physics, vol. 5, pp.
302306, 1934.

Fox, G. W., and M. Underwood: “On the Piezoelectric
Properties of Tourmaline,” Physics, vol. 4, pp. 10—
13, 1933.

Fox, G. W., and W. G. Hutten: “Experimental Study
of Parallel-cut Piezoelectric Quartz Plates,” Physics,
vol. 2, pp. 443—447, 1932.

Fox, G. W,, and P. H. Carr: “The Effect of Piezo-
electric Oscillation on the Intensity of X-ray Reflec-
tions from Quartz,” Phys. Rev., vol. 37, pp. 1622—
1625, 1931,

Fox, G. W, and J. M. Cork: “Regular Reflection of
X-rays from Quartz Crystals Oscillating Piezoelec-
trically,” Phys. Rev., vol. 38, pp. 14201423, 1931.
Frayne, J. G.: “Reversible Inductivity of Rochelle
Salt Crystals,” Phys. Rev., vol. 21, pp. 348—359, 1923.
Freehafer, J. E.: “Supersonic Vibrations,” Newark
Eng. Notes, vol. 5, no. 1, pp. 18—19, December 1941.
Freeman, R. L.: “Improvements in AFC Circuits,”
Elcctronies, vol. 9, pp. 20—23, November 1936.
Frink, F. W.: “The Basic Principles of Superrengera-
tive Reception,” Proc. IL.R.E., vol. 26, pp. 76—107,
1938.

Frommer, J. C.: “A Graphical Method to Find the
Optimal Operating Conditions of Triodes as Class C
Telegraph Transmitters,” Proe. I.R.E., vol. 30, pp.
H19-—525, 1942,

Frondel, C.: “History of the Quartz Oscillator-plate
Industry,” pp. 205—213, “Final Frequency Adjust-
ment of Quartz Oscillator-plates,” pp. 416-—431, “Ef-
fect of Radiation on the Elasticity of Quartz,” pp.

WADC TR 56-156

269.

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.

284,
285,

286.

287.

288.

289.

290.

432~-446, “Secondary Dauphiné Twinning in Quartz,”
pp. 447—460, A. Min., vol. 30, May-June 1945.

Furst, U. R.: “Harmonic Analysis of Overbiased Am-
plifiers,” Electronics, vol. 17, pp. 143—144, March
1944,

Fyler, G. W.: “Parasites and Instability in Radio
Transmitters,” Proc. I.R.E., vol. 23, pp. 985—1012,
1935.

Gager, F. M., and J. B. Russell, Jr.: “A Quantitative
Study of the Dynatron,” Proc. L.R.E., vol. 23, pp.
1536-—1566, 1935. )

Galitzin, B.: “Apparatus for Direct Determination of
Accelerations,” Proc. Roy. Soc. (London), vol. 95, p.
492, 1919.

Gardiner, E. L.: “Crystal Band-pass Filters,” Wire-
less World and Radio Rev. (London), vol. 43, pp. 382—
384, 407408, 447—448, 463—464, 1938; T. and R.
Bull. (London), vol. 15, pp. 7579, 141—144, 178—
179, 213—216, 251—253, 1939.

Gardner, M. F.,, and J. L. Barnes: Transients in
Linear Systems, vol. 1, John Wiley, New York, 1942.
George, W. D., Selby, M. C., and R. Scolnik: “Preci-
sion Measurement of Electrical Characteristics of
Quatrtz-Crystal Units,” Proec. I.R.E., vol. 36, pp. 1122—
1131, 1948.

George, W. D.: “Production of Accurate One-second
Time Intervals,” Jour Research Nat. Bur. Standards,
vol. 21, pp. 367—3173, 1938.

Gerber, E. A., and H. P. Wasshausen: “High Fre-
quency Crystals for Frequency Control—Lapping and
Polishing Methods,” Report No. E-1080, Sig. Corps
Engineering Laboratories, Fort Monmouth, N. J., Sep-
tember 25, 1951.

Gentile AF Depot: “Crystal Handbook for Equip-
ment Using FT-164 Crystal Holder (Unit),” HB-
16F-1, April 30, 1953; “Crystal Handbook for Equip-
ments Using AR-3 Crystal Holder (Unit),” HB-16F-2,
April 13, 1953; “Crystal Handbook for Equipments
Using FT-243 Crystal Holder (Unit),” HB-16F-3,
May 22, 1953.

Gibbs, R. E., and L. C. Tsien: “The Production of
Piezoelectricity by Torsion,” Phil. Mag., vol. 22, pp.
311-—322, 1936. :

Gibbs, R. E., and V. N. Thatte: “Temperature Varia-
tion of the Frequency of Piezoelectric Oscillations of
Quartz,” Phil. Mag., vol. 14, pp. 682—694, 1932,
Gibbs, R. E.: “Structure of Alpha Quartz, “Proc. Roy.
Soc., vol. 110, pp. 443—455, 1926.

Ginzton, E. L., and L. M. Hollingsworth: “Phase-
Shift Oscillators,” Proc. I.R.E., vol. 29, pp. 43—49,
1941; also corrections, vol. 32, p. 641, 1944.
Gladwin, A. S.: “Oscillation Amplitude in Simple
Valve Oscillators,” W. E., vol. 26, pp. 169—170 and
201—209, 1949,

Glasoe, G. N., and J. V. Lebacqz: Pulse Generators,
McGraw-Hill, New York, 1948.

Glegg, K.: *“Cathode-Coupled Multivibrator Opera-
tion,” Proc. I.R.E., vol. 38, pp. 655675, 1950.
Glucksman, H. A.: “Superregeneration—An Analysis
of the Linear Mode,” Proc. I.LR.E., vol. 37, pp. 500—
504, 1949,

Golay, M. J. E.: “A Rochelle Salt Electrometer,”
R.S.1, vol. 8, pp. 228230, July 1937.

Goldsmith, F. H.: “A Noise and Wear Reducing Pho-
nograph Reproducer with Controlled Response,” Jour.
Acous. Soc. Am., vol. 13, pp. 281—283, 1942.
Goldsmith, P., et al., Armour Research Foundation
of Illinois Institute of Technology: “Investigation of
Oscillator Circuits for AN/ARC-22,” Air Force Con-
tract AF 18(600)-157, Final Report, June 22, 1953.
Good, W. A.: “Rigidity Modulus of Beta-brass Single
Crystals,” Phys. Rev., vol. 60, pp. 605—609, 1941,



291.

292.

296.
298.

299.

300.

301.

302.

303.

304.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Gordon, J. F.: “A New Angular-Velocity-Modulation
System Employing Pulse Techniques,” Proc. L.R.E.,
vol. 34, pp. 328—334, 1946.

Gordon, S. G.: “The Inspection and Grading of
Quartz,” A. Min., vol. 30, pp. 269—290, May-June
1945.

. Gordon, S. G., and W. Parrish: “Cutting Schemes for

Quartz Crystal,” A. Min., vol. 30, pp. 347—370, May-
June 1945,

. Goss F. A.: “Division of Metal Plating by Stylus,”

Patent 2,302,024.

. Gouriet, G. G.: “High Stability Oscillator,” W. E.,

vol. 27, pp. 105—112, 1950.

Grant, K.: “High-frequency Interruption of Light,”
Nature, vol. 120, p. 586, 1927.

Gravley, C. K.: “An Instrument for Measuring Sur-
face Roughness,” Electronics, vol. 15, pp. 70—173, 1942,
Greenidge, R. M. C.: “The Mounting and Fabrication
of Plated Quartz Crystal Units,” Bell Syst. T. J., vol.
23, pp. 234—259, 1944; also printed in book by Heis-
ing, R. A.: Quartz Crystals for Electrical Circuits,
D. Van Nostrand, New York, pp. 412-—435, 1946.
Griffiths, W. H. ¥.: “Recent Improvements in Air
Cored Inductances,” W. E., vol. 19, pp. 8—19 and
56—63, 1942.

Griffiths, W. H. F.: “The Temperature Compensation
of Condensers,” W. E., vol. 19, pp. 101—111 and 148—
157, 1942.

Grime, G., and J. E. Eaton: “Determination of
Young’s Modulus by Flexural Vibrations,” Phil. Mag.,
vol. 23, pp. 96—99, 1937.

Groszkowski, J.: “The Temperature Coefficient of In-
ductance,” Proc. I.R.E., vol. 25, pp. 448—464, 1937.
Groszkowski, J.: “Oscillators with Automatic Control
of the Threshold of Regeneration,” Proc. I.R.E., vol.
22, pp. 145—151, 1934.

. Groszkowski, J.: *The Interdependence of Frequency

Variation and Harmonic Content, and the Problem of
Constant-Frequency Oscillators,” Proc. I.R.E., vol. 21,
pp. 958—981, 1933.

Groszkowski, J.: “Frequency Division,” Proc. LR.E.,
vol. 18, pp. 1960—1970, 1930.

Groth, E. J., and L. N. Liebermann: “Precision Meas-
urement of the Velocity of Sound at Supersonic Fre-
quencies Using a Microphone” (abstr.), Phys. Rev.,
vol. 65, p. 350, 1944.

Gruen, H. E, and E. A. Roberts, Armour Research
Foundation of Illinois Institute of Technology: “Fea-
sibility Study for Package Oscillator Design.”
Guillemin, E. A.: Communication Networks, vol. I,
John Wiley, New York, 1931.

Guillemin, E. A, and P. T. Rumsey: “Frequency Mul-
tiplication by Shock Excitation,” Proc. I.LR.E., vol. 17,
pp. 629—651, 1929.

Gunn, R.: “A New Frequency-Stabilized Oscillator
System,” Proc. L.R.E., vol. 18, pp. 1560—1574, 1930.
Hall, E. L., Heaton, V. E., and E. G. Lapham: “The
National Primary Standard of Radio Frequency,”
Jour. Research Nat. Bur. Standards, vol. 14, pp. 85—
98, 1935. ]
Harding, J. W., and F. W. G. White: “On the Modes
of Vibration of a Quartz Crystal,” Phil. Mag., vol. 8,
pp. 169—179, 1929, ’

Harnwell, G. P., and J. B. H. Kuper: “A Laboratory
Frequency Standard,” Rev. Se¢i. Instruments, vol. 8,
pp. 83—86, 1937.

Harries, J. H. O.: “Apertures in Cavities,” Elec-
tronics, vol. 19, pp. 132—135, December 1946.
Harris, W. A.: “Space-Charge Limited Current Fluc-
tuations in Vacuum-Tube Amplifiers and Input Sys-
tems,” R.C.A. Rev., vol. 5, pp. 505—524, 1941,
Harrison, A. E., and N. W. Mather: “Graphical

WADC TR 56-156

318.

319.

320.

321.

322.

323.

324.

325.

326.

3217.

328.

329.
330.
331.
332.
333.

334.

335.

336.

3317.

338.

339.

340.

Appendix Il
Bibliography

Analysis of Tuned Coupled Cirecuits,” Proec. I.R.E.,
vol. 37, pp. 1015—1020, 1949. .
Harrison, C. W.: “The Measurement of the Perform-
ance Index of Quartz Plates,” refer to book by Heis-
ing, R. A.: Quartz Crystals for Electrical Circuits,
D. Van Nostrand, New York, pp. 458—492, 1946.
Harrison, J. R., and I. P. Hooper: “The Striated
Luminous Glow of the Piezoelectric Quartz Resonator
at Flexural Vibration Frequencies,” Phys. Rev., vol.
55, p. 674, 1939.

Harrison, J. R.: “Puch-pull Piezoelectric Oscillator
Circuits,” Proc. I.R.E., vol. 18, pp. 95—100, 1930.
Harrison, J. R.: “Piezoelectric Oscillator Circuits with
Four-electrode Tubes,” Proc. I.R.E., vol. 16, pp. 1455—
1467, 1928; discussion, pp. 1467-—1470.

Harrison, J. R.: “Piezoelectric Resonance and Oscil-
latory Phenomena with Flexural Vibrations in Quartz
Plates,” Proc. I.R.E., vol. 15, pp. 1040—1054, 1927.
Hartley, J. J., and R. H. Rinaldi: “Demonstration of
the Application of Piezoelectric Properties of a Ro-
chelle Salt Crystal and the Three-electrode Valve to
the Determination of Impact Stresses in Granular
Material,” Proc. Phys. Soc. (London), vol. 38, p. 273,
1926.

Hartley, R. V. L.: “Oscillations in Systems with Non-
linear Reactance,” Bzil Syst. T. J., vol. 15, pp. 424—
440, 1936.

Haynes, J. R.: “Apparatus for the Direct Measure-
ment of Force/Displacement Characteristics of Me-
chanical Systems at Audio-frequencies,” Jour. Acous.
Soe. Am., vol. 13, p. 332, 1942.

Hazeltine, A., Richman, D., and B. D. Laughlin:
“Superregenerator Design,” Electronics, vol. 21, pp.
95—102, September 1948.

Healy, C. P, and J. C. Niven: “Mould and Humidity
in Radio and Signals Equipment,” Proc. I.R.E., vol.
33, pp. 300306, 1945.

Heaton, V. E., and E. G. Lapham: “Quartz Plate
Mountings and Temperature Control for Piezo Oscil-
lators,” Proc. I.R.E., vol. 20, pp. 261—271, 1932; dis-
cussion, p. 1064; J. Res. N.B.S., vol. 7, pp. 683—690,
1931.

Hedeman, W. R.: “Few Crystals Control Many Chan-
nels,” Electronics, vol. 21, pp. 118—121, March 1948.
Heising, R. A.: Quartz Crystals for Electric Circuits,
D. Van Nostrand, New York, 1946.

Heising, R. A.: “Stability in High Frequency Oscil-
lators,” Proc. I.R.E., vol. 31, pp. 595—600, 1943.
Heising, R. A.: “The Audion Oscillator,” Phys. Rev.,
vol. 16, pp. 216—237, 1920.

Heldt, 'P. M.: “Piezoelectric Indicators,” Automotive
Ind., vol. 70, pp. 667—658 and 660, 1934.

Henderson, J. T.: “Properties of Tourmaline Crystals
Used as Piezoelectric Resonators,” Trans. Roy. Soc.
Can., vol. 22, pp. 127—131, 1928.

Herget, C. M.: “A Constant Path Acoustic Interferom-
eter for Gases at Variable Pressure,” Rev. Sci. Instru-
ments, vol. 11, pp. 37-—39, 1940.

Herold, E. W.: “Negative Resistance and Devices for
Obtaining It,” Proc. I'R.E.. vol. 23, pp. 1201—1223,
1935.

Hershberger, W. D,, and L. E. Norton: “Frequency
Stabilization with Microwave Spectral Lines,” R.C.A.
Rev., vol. 9, pp. 38—49, 1948.

Hight, S. C, and G. W. Willard: “A Simplified Cir-
cuit for Frequency Sub-standards Employing a New
Type of Low-frequency Zero-temperature-coefficient
Quartz Crystal,” Proc. LR.E., vol. 25, pp. 549—563,
1937.

Hight, S. C.: “Quartz Plates for Frequency Sub-
standards,” Bell Labs. Rec., vol. 16, pp. 21-—25, 1937.
Hight, S. C.: “Wind from Quartz Crystals,” Bell Labs.
Rec., vol. 14, pp. 121—123, 1935.



Appendix 1
Bibliography

341.

342.

343.

344.

345.

346.

347.

348.

352.

363.

358.

359,

360,

361,

362,

364.

365,

3. Hund, A.:

Hinton, W. R.: “The Design of R-C Oscillator Phase-
Shifting Networks,” Electronic Eng., vol. 22, pp. 13—
17, 1950.

Hitchcock, R. C.: “The Dimensions of Low-frequency
Quartz Oscillators,” R.S.I., vol. 1, pp. 13—21, 1930.
Hoiden, A. N., and W. P. Mason: “Constants of
Heavy-water Rochelle Salt,” Phys. Rev., vol. 57, pp.
54—56, 1940,

Holton, G. J.: “Rodometric Examination of Quartz
Crystals,” Electronics, vol. 17, pp. 114f., 1944.
Holubow, H.: “DC Saturable Reactors for Control
Purposes,” Electronic Ind., vol. 4, pp. 76—79, March
1943.

Honess, A. P.: The Nature, Origin and Interpreta-
tion of the Etch Figures on Crystals, John Wiley &
Sons, Inc., New York 1927, 171 pp.

Hopper, A. L., and S. E. Miller: *“Considerations in
the Design of a Radar Intermediate-Frequency Am-
plifier,” Proc. I.R.E., vol. 35, pp. 1208—1220, 1947.
Horton, J. W., and W. A. Marrison: “Precision De-
termination of Frequency,” Proc. I.R.E., vol. 16, pp.
137—154, 1928.

. Horton, J. W.: “Vacuum-Tube Oscillators,” Bell Syst.

T. J., vol. 3, pp. 508—524, 1924.

. Houstoun, R. A.: “The Ultrasonic Diffraction Grat-

ing,” Phil. Mag., vol. 35, pp. 192-—202, March 1944.

. Houstoun, R. A.: “A New Method of Measuring the

Velocity of Light” (Fizeau’s method, using quartz
crystal), Nature, vol. 142, p. 833, 1938; see also Proc.
Rouy. Soc. Edinburgh, A, vol. 61, pp. 102114, 1941,
vol. 62, pp. 58—63, 1943—1944, and Phil. Mag., vol.
35, pp. 192—202, 1944.

Hovgaard, O. M.: “Application of Quartz Plates to
Radio Transmitters,” Proc. I.R.E., vol. 20, pp. 767—
782, 1932.

Howe, G. W. O.: “Natural and Resonant Frequencies
of Coupled Circuits,” W. E., vol. 18, pp. 221223,
1941.

. Hubbard, J. C.: “Sound Velocity and Absorption by

Ultrasonic Interferometry,” Phys. Rev., vol. 59, p. 935,
1041,

. Hubbard, J. C.: “Ultrasonics—A Survey,” Am. Jour.

Phys., vol. 8, pp. 207—221, 1940.

3. Hubbard, J. C., and 1. F. Zartman: “A Fixed Path

Acoustic Interferometer for the Study of Matter,”
Rer. Sei. Instruments, vol. 10, pp. 382—386, 1939.

57. Hubbard, J. C.: “The Crevasse Phenomenon in Piezo-

electric Quartz and Its Application in Physical Meas-
urements” (ultramicrometer), Jour. Acous. Soc. Am.,
vol. 10, pp. 87—88, 1938.

Hubbard, J. C.: “The Acoustic Resonator Interferom-
eter, 1,” Phys. Rev., vol. 38, pp. 1011—1019, 1931; II,
Phys. Rev., vol. 41, pp. 523—-535, 1932; errata, vol. 46,
p. 525, 1934.

Huggins, W. H.: The DPotential Analogue in Network
Synthesis and Analysts, Publication E 5066, Air Force
Cambridge Research Laboratories, Cambridge, Mass.,
March 1951,

Huggins, W. H.: “Multifrequency Bunching in Reflex
Klystrons,” Proc. LR.E., vol. 35, p. 1518, 1947.

Hull, G. F.: “Some Applications of Physics to Ord-
nance Problems,” Jouwr. Franklin Inst., vol. 192, pp.
A27--347, 1921,

Hull, A. W.: “The Dynatron, a Vacuum Tube Pos-
sessing Negative Resistance,” Proc. I.R.E., vol. 6, pp.
5-—36, 1918,

“Reactance Tubes in Frequency Modula-
tion Applications,” Electronics, vol. 15, p. 68, October
1942,

Hund, A.: Frequeney Modulation, McGraw-Hill, New
York, 1942.

Hund, A.: High-frequency Measurements,” McGraw-
Hill, New York, 1933, 491 pp.

WADC TR 56-156

366.

367.

368.

369.

370.

371.

372.

373.

374.

3176.

3717.

3178.

379.

380.

381.

382.

383.

384.

387.

388.

389.

390.

391.

392.

. Jaffee, H.:

Hund, A, and R. B. Wright: “New Piezo-oscillations

‘with Quartz Cylinders Cut Along the Optical Axis,”

Proc. I.LR.E., vol. 18, pp. 741—761,1930; J. Res. N.B.S.,
vol. 4, pp. 383—394, 1930.

Hund, A.: “Note on a Piezoelectric Generator for
Audiofrequencies,” J. Res. N.B.S., vol. 2, pp. 3556—
358, 1929.

Hund, A.: “Generator for Audio Currents of Adjust-
able Frequency with Piezoelectric Stabilization,” Sei.
Pap. Bur. St., vol. 22, pp. 631—637, 1928 (No. 569).
Hund, A.: “Notes on Quartz Plates, Air Gap Effect
and Audio-frequency Generation,” Proc. I.R.E., vol.
16, pp. 1072—1078, 1928.

Hund, A.: “Uses and Possibilities of Piezoelectric
Oscillators,” Proc. I.R.E., vol. 14, pp. 447—469, 1926.
Hunter, L., and S. Siegel: “The Variation with Tem-
perature of the Principal Elastic Moduli of NaCl
Near the Melting Point,” Phys. Rev., vol. 61, pp. 84—
90, 1942,

Huntoon, R. D)., and A. Weiss: “Synchronization of
Oscillators,” Proc. I.R.E., vol. 35, pp. 1415—1423, 1947.
Hussey, L. W,, and L. R. Wrathall: “Oscillations in
an Electromechanical System,” Bell Syst. T. J., vol.
15, pp. 441—445, 1936.

Ide, J. M.: “Some Dynamic Methods for Determina-
tion of Young’s Modulus,” Rev. Sct. Instruments, vol.
6, pp. 296—298, 1935.

. Ide, J. M.: “Magnetostrictive Alloys with Low Tem-

perature Coefficients of Frequency,” Proc. I.R.E., vol.
22, pp. 177—190, 1934.

“International Critical Tables,” vol. 6, pp. 207—212,
Electroelastic and Pyroelectric Phenomena, McGraw-
Hill, New York, 1929.

IL.R.E.: Standards on Piezoelectric Crystals, Recom-
mended Terminology, 1945.

LR.E.: “Proposed Standard Conventions for Express-
ing the Elastic and Piezoelectric Properties of Right
and Left Quartz,” Proc. 1.R.E., p. 495, November 1942.
Iseley, F. C.: “The Relation Between the Mechanical
and Piezoelectrical Properties of a Rochelle Salt Crys-
tal,” Phys. Rev., vol. 24, pp. h69—574, 1924.

Ives, R. L.: “The Relay Oscillator and Related De-
vices,” J. Frank. Inst., vol. 242, pp. 243—277, 1946.
Jackson, C. H.: “Development of an Improved Crystal
Exeiter Unit,” Civil Aeronautics Authority (UJ.S.A.),
Tech., Development Rept., 26, pp. 1---14, July 1940.
Jacobsen: “Effect of Shear on the Flexure Frequen-
cies of Beams,” Jour. Applied Mechanics, March 1938.
Jaderholm, H. W.: “Iron Powder Cores and Coils,”
Proc. L.R.E., vol. 33, p. 904, 1945.

Jaffee, H.: “Crystalline Transitions and Dielectric
Constant” (abst.), Phys. Rev., vol. 53, p. 917, 1938.
“Polymorphism of Rochelle Salt,” Phys.
Rev., vol. 51, pp. 43—47, 1937.

. Jauncey, G. E. M., and W. A. Bruce: “Diffuse Scat-

tering of X-rays from Piezoelectrically Oscillating -
Quartz,” Phys. Rev., vol. 54, pp. 163—165, 1938.
Jefferson, H.: “The Pierce Piezoelectric Oscillator,”
W. E., vol. 18, pp. 232—237, 1941.

Jefferson, H.: “Stabilization of Feedback Oscillators,”
W. E., vol. 22, pp. 384—389, 1945.

Jeffree, J. H.: “The Scophony Light Control,” Tele-
vision and Short-wave World, vol. 9, pp. 260f., 1936;
see also Brit. patent 439,236 (1934).

Joffé, A. F.: The Physics of Crystals, 1st ed., McGraw-
Hill, New York, 1928, 198 pp.

Johnson, J. B.: “Thermal Agitation of Electricity in
Conductors,” Phys. Rev., vol. 32, pp. 97—109, 1928.
Johnson, K. C.: “Single-Valve Frequency-Modulated
Oscillator,” W. E., vol. 55, pp. 122—123 and 168—170,
1949.



393.

394.

397.

398.

399.

400.

401.

402.

403.

407.

408.

409.

410.

411.

412.

413.

414.

416.

4117.

. Kakiuchi, Y.:

. Kelvin,

Johnson, R. W.: “Extending the Frequency Range of
the Phase-Shift Ogcillator,” Proc. I.R.E., vol. 33, pp.
597602, 1945.

Johnson, W. C.: Mathematical and Physical Principles
of Engineering Analysis, McGraw-Hill, New York,
1944.

“The Increase of X-ray Reflection from
Quartz Due to a Strong Electric Field,” Phys. Rev.,
vol. 54, p. 772, 1938.

. Kalmus, H. P.: “Some Notes on Superregeneration

with Particular Emphasis on Its Possibilities for Fre-
quency Modulation,” Proc. L.R.E., vol. 32, pp. 591—
600, 1944.

Kammer, E. W, and J. V. Atanasoff: “A Determina-
tion of the Elastic Constants of Beta-quartz,” DPhys.
Rev., vol. 62, pp. 395-—400, 1942.

Kantor, M.: “Theory and Design of Progressive and
Ordinary Universal Windings,” Proec. LR.E., vol. 35,
pp. 1563—1570, 1947.

Kao, P. T.: “Relaxation Oscillations Produced by a
Quartz Piezoclectric Oscillator,” C. R., vol. 191, pp.
932—934, 1930.

Karcher, J. C.: “A Piezoelectric Method for the In-
stantaneous Measurement of High Pressures,” Sci.
Pap. Bur. St., vol. 18, pp. 257—264, 1922 (No. 445);
J. Frank. Inst., vol. 194, pp. 815—816 (abst.), 1922.
Keall, O. E.: “Analysis of Bridge Circuit for Piezo-
electric Quartz Resonators,” Marcont Rev., No. 59, pp.
19—29, March-April 1936.

Keithley, J. F.: “Low-Frequency Oscillator,” Elec-
tronics, vol. 21, pp. 108—109, September 1948.
Keller, E. G.: “Analytical Methods of Solving Dis-
crete Nonlinear Problems in Electrical Engineering,”
Trans. A.LLE.E., vol. 60, pp. 1194—1200, 1941.

. Kellogg, J. B. M., and S. Miliman: “Molecular Beam

Magnetic Resonance Method,” Rev. Mod. Phys., vol.
18, pp. 323—352, 1946.

. Kelvin, Lord: Baitimore Lectures, C. J. Clay & Sons,

London, 1904,

Lord: “On the Piezoelectric Property of
Quartz,” Phil. Mag., vol. 36, pp. 331, 342, 384, 453,
1893.

Kelvin, Lord: Mathematical and Physical Papers, vol.
5, Cambridge University Press, London, 1911; Phil.
Mayg., vol. 36, pp. 331, 342, 384, 414, 453, 1893.

Keys, ). A.: “Adiabatic and Isothermal Piezoelectric
Constants of Tourmaline,” Phil. Mag., vol. 46, pp.
999—1001, 1923.

Keys, D). A.: “Piezoelectric Method of Measuring Ex-
plosion Pressures,” Phil. Mag., vol. 42, pp. 473—488,
1921.

Kiebert, M. V,, and A. F. Inglis: “Multivibrator Cir-
cuits,” Proc. I.R.E., vol. 33, pp. 534—539, 1945.
Kilgore, G. R., Shulman, C. 1., and J. Kurshan: “A
Frequency Modulated Magnetron for Super-High Fre-
quencies,” Proc. I.R.E., vol. 35, pp. 657—664, 1947.
Kimbark, E. W.: “Electrical Transmission of Power
and Signals,” John Wiley, New York, 1949.
Kingston, R. H.: “Resonant Circuits with Time-Vary-
ing Parameters,” Proc. I.LR.E., vol. 37, pp. 1478—1481,
1949.

Kinn, T. P.: “Vacuum-Tube Radio-Frequency-Gen-
erator Characteristics and Application to Induction
Heating Problems,” Proc. LR.E., vol. 33, pp. 640—
657, 1945.

. Kinzer, J. P, and I. G. Wilson: “Some Results on

Cylindrical Cavity Resonators,” Bell Syst. T. J., vol.
26, pp. 410—445, 1947.

Kirby, T.: “Twin Oscillator,” Electronics, vol. 22, p.
170, October 1949.

Kishpaugh, A. W, and R. E. Coram: “Low Power
Radio Transmitters for Broadcast Requirements for

WADC TR 56-156

418.

419.

420.

426.
428.

429.

131,

432,

436.

4317.

439.

440.

441.
442.

443.

444.

. Koga, I.:

3. Lack, F. R., Willard, G. W,

5. Lamb,

Appendix 1l
Bibliography

100 to 1000 Waits,” Proec. I.LR.E., vol. 21, pp. 212—
227, 1933.

Klingaman, G. W., and G. H. Williams: “Shielding
of Dielectric Heating Installations,” Electronics, vol.
18, pp. 106—109, May 1945.

Knox, R. E.: “The Use of Quartz Crystals in Wave
Filters,” Electronics, vol. 13, pp. 78f., November 1940.
Koga, I.: “Equivalence of Two Piezoelectric Oscillat-
ing Quartz Crystals of Symmetrical Outlines with
Respect to a Plane Perpenditular to an Electrical
Axis,” Phil. Mag., vol. 27, pp. 640—643, 1939.

. Koga, I.: “Young’s Modulus of a Crystal in Any Di-

rection,” Proc. I.LR.E., vol. 24, pp. 532—533, 1936.
“Notes on Piezoelectric Quartz Crystals,”
Proc. LR.E., vol. 24, pp. 510—531, 1936.

3. Koga, I.: “Thermal Characteristics of Piezoelectrice

Oscillating Quartz Plates,” [/.R.S.1. Gen. Assembly,
Document .22, Comm. I, Lendon, 1934.

. Koga, I.: “Vibration of Piezoelectric Oscillating Crys-

tal,” Phil. May., vol. 16, pp. 275283, 1933.

. Koga, I.: “Note on the Piezoelectric Quartz Oscillat-

ing Crystal Regarded from the Principle of Simili-
tude,” Proc. [.LR.E., vol. 19, pp. 1022—1023, 1931.
Koga, I.: “Characteristics of Piezo-Electric Quartz
Oscillators,” I’roc. 1.R. K., vol. 18, pp. 19356—1959, 1930,
Kryloff, N, and N. Bogoliuboff: Intreduction to Non-
Linear Mechanies,” Princeton University Press, 1943,
Kunz, K. S.: “Bilinear Transformations Applied to
the Tuning of the Output Network of a Transmitter,”
Proe. ILR.E., vol. 37, pp. 1211—1217, 1949.

. Kurtz, E. B., and G. F. Corcoran: Introduction to

Electric Transients,” John Wiley, New York, 1935.
Kusunose, Y., and S. Ishikawa: “Frequency Stabiliza-
tion of Radio Transmitters,” I'roc. 1.R.E., vol. 20, pp.
310339, 1932,

Labaw, L. W.: “Wave Front Dectermination in a
Supersonic Beam™ (abst.), Phys. Rev., vol. 66, p. 304,
1944.

and . E. Fair: “Some
Improvements in Quartz Crystal Circuit EKlements,”
Bell Syst. T. J., vol. 13, pp. 453—463, 1934,

. Lack, F. R.: “Observations on Modes of Vibration and

Temperature-coefficients of Quartz Crystal Plates,”
Proc. LR.E., vol. 17, pp. 1123—1141, 1929; Bell Syst.
T. J., vol. 8, pp. 515—035, 1929, :

. Ladner, A. W,, and C. R. Stoner: Short-Wave Wire-

less Communication, John Wiley, New York, 5th ed,,
1950.

Lamb, Horace: The Dynamical Theory of Sound, Ed-
ward Arnold & Co., London, 1910, 303 pp.

Lampkin, G. F.: “An Improvement in Constant Fre-
quency Oscillators,” Proc. L.R.E., vol. 27, pp. 199—
201, 1939.

Lamb, J. J.: “A New LF. Coupling System for Super-
het Receivers,” QST, vol. 21, pp. 28—30, April 1937,
Lamb, J. J.: “A Practical Survey of Pentode and
Beam Tube Crystal Oscillators for Fundamental and
Second Harmonic Output,” QST, vol. 21, pp. 31—38,
pp. 106, 107, April 1937.

Lamb, J. J.: “Receiver Selectivity Characteristics,”
QST, vol. 19, pp. 37-—41, May 1935.

Lamb, J. J.: “Tritet Multi-band Crystal Control, QST,
vol. 17, pp. 9—15, October 1933.

Lamb, J. J.: “A More Stable Crystal Oscillator of
High Harmonic Output,” QST, vol. 17, pp. 30—32,
June 1933.

Lamb, J. J.: “Developments in Crystal Filters for
S-S Superhets,” QST, vol. 17, pp. 21-—24, November
1933.

J. J.: “Short-wave Receiver Selectivity to
Match Present Conditions,” QST, vol. 16, pp. 9—20,
90, August 1932.



Abpen‘ciix i
Bibliography

446.
447.
448.

449.

453.

454.

455.

456.

460,
461.

462,

463.

464.

466.

4617.

468.

469.

470.

471.

. Lawson,

Lane, C. E.: “Duplex Crystals,” Bell Lab. Record,
vol. 24, pp. 59—62, 1946.

Lane, C. E.: “Crystal Channel Filters for Carrier
Cable Systems,” Bell Syst. T. J., vol. XVII, p. 125.
Lane, C. E.: “Limitations in Band Filter Design,”
Bell Labs. Record, vol. 16, pp. 56—861, October 1937.
Lane, C. T.: “Magnetic Properties of Rochelle Salt,”
Phys. Rev., vol. 45, p. 66, 1934.

. Langer, R. M.: “Passage of X-rays through Oscillat-

ing Crystals,” Phys. Rev. (abstract), vol. 49, p. 206,
1936.

. Langer, R. M.: “X-ray Reflections from Oscillating

Crystals,” Phys. Rev., vol. 38, pp. 573—574, 1931.

. Larmor, J.: “Electro-crystalline Properties as Condi-

tioned by Atomic Lattices,” Proc. Roy. Soc., vol. 99,
pp. 1—10, 1921.

Last, E.: “Blocking Oscillator,” Electronics, vol. 18,
p. 184, October 1945.

Law, H. B, and F. J. M. Laver: “Measurements of
the Dependence of the Frequencies of Some 100 Ke/s
Quartz Crystal Units on Their Amplitude of Vibra-
tion,” P.O.E.D., Radio Report Neo. 1830, December
1948.

Lawson, H. W.: “Precision Tuning Fork with Vac-

uum-Tube Drive,” Gen. Radio Expt., vol. 20, pp. 1—5,
September 1945,

Lawson, A. W., and P. H. Miller, Jr.: “Piezometer for
Transient Pressures (crystals of tartaric acid, tour-
maline, and sucrose),” Rev. Sci. Instruments, vol. 13,
pp. 297—298, 1942.

A. W.: “The Vibration of Piezoelectric
Plates,” Phys. Rev., vol. 62, pp. T1—176, 1942.

. Lawson, A. W.: “A Determination of the Elastic

Modulus s,, of Beta-quartz,” Phys. Rev., vol. 59, pp.
608—612, 1941,

. Lawson, A. W.: “Comment on the Elastic Constants

of Alpha-quartz,” Phys. Rev., vol. 59, p. 838, 1941.
Lawson, A. W.: “The Piezoelectricity of Beta-quartz,”
Science, vol. 92, p. 419, 1940.

Lea, N.: “Notes on Stability of L-C Oscillators,”
JILEE., vol. 92, pp. 261—274, 1945,

le Corbeiller, Ph.: “The Nonlinear Theory of the
Maintenance of Oscillations,” J.I.E.E., vol. 79, pp.
361—368, 1936.

Lee, R.: “Radio Telegraph Keying Transients,” Proc.
LR.E., vol. 22, pp. 213—215, 1934.

Leonard, S. C.: “Measurement of Minute Changes of
Capacitance and Inductance,” Electronics, vol. 11, p.
18, March 1938.

. Linder, E. G.: “Attenuation of Electromagnetic Fields

in Pipes Smaller Than the Critical Size,” Proc. LR.E.,
vol. 30, pp. 554—556, 1942.

Llewellyn, F. B.: “Constant Frequency Oscillators,
Bell Syst. T. J., vol. 11, pp. 671—100, 1932; Proc. I.R.E.,
vol. 19, pp. 2063—2094, 1931.

Llewellyn, F. B.: “A Study of Noise in Vacuum Tubes
and Attached Circuits,” Proc. I.R.E., vol. 18, pp. 243—
265, 1930.

Loomis, A. L., and W. A. Marrison: “Modern De-
velopments in Precision Timekeepers,” Electrical En-
gineering, vol. b1, pp. 542—549, 1932,

Loomis, A. L.: “Precise Measurement of Time,”
Monthly Notices Roy. Astron. Soc., vol. 91, pp. 569—
575, 1931.

Love, A. E. H.: A Treatis¢ on the Mathematical The-
ory of Elasticity, 4th ed., Cambridge University Press,
London, 1934, 643 pp. .

Lucas, H. J.: “Some Developments of the Piezoelectric
Crystal as a Frequency Standard,” J.I.LE.E. (London),
vol. 68, pp. 855—872, 1930; reprinted in Wireless Sec-
tion, vol. 5, pp. 151—163, 1930; discussion, pp. 163—
168.

WADC TR 56-156

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.
482,
483.

484.

485.

486.

487.

488.
489.
490.

491.

492,

493.

494.

Ludloff, H. F.: “Ultrasonics and Elasticity,” Jour.
Acous. Soc. Am., vol. 12, pp. 193—197, 1940.

Lukesh, J. S.: “The Effect of Imperfections on the
Usability of Quartz for Oscillator-plates,” A. Min,,
vol. 30, pp. 291—295, May-June 1945.

Lynch, T. E,, and 8. J. Begun: “General Considera-
tions of the Crystal Cutter,” Communications, vol. 20,
pp. 9f., December 1940.

Lynn, J. G., Zwemer, R. L., and A. J. Chick: “The
Biological Application of Focused Ultrasonic Waves,”
Science, vol. 96, pp. 119—120, July 1942; see also
Sci. American, vol. 168, p. 115, March 1943, and Jour.
Gen. Physiol., vol. 24, pp. 179—193, 1942,

Lythall, W. B.: “Frequency Instability of Pulsed
Transmitters with Long Wave Guides,” J.I.E.E., vol.
93 (part II1A), pp. 1081—1089, 1946.

Lyons, H.: “Microwave Frequency Dividers,” J. Appl.
Phys., vol. 21, pp. 59—60, 1950.

Maa, D. Y.: “A General Reactance Theorem for Elec-
trical, Mechanical, and Acoustical Systems,” Proc.
I.R.E., vol. 31, pp. 365—371, 1943,

MacKinnon, K. A.: “Crystal Control Applied to the
Dynatron Oscillator,” Proc. I.R.E., vol. 20, pp. 1689—
1714, 1932,

Mallett, E.: “Frequency Stabilization of Valve Oscil-
lators,” J.IL.LE.E., vol. 68, pp. 2063—2094, 1930; also
Wireless Sect., vol. 5, p. 124, 1930.

Mallett, E,, and V. J. Terry: “The Quartz Oscillator,”
W. World, vol. 16, pp. 630—636, 1925.

Malling, L. M.: “Triode Linear Saw-tooth-Current
Oscillator,” Proc. I.R.E., vol. 32, pp. 763—1T757, 1944.
Maloff, I. G., and . W. Epstein: Electron Optics in
Television, McGraw-Hill, New York, 1938.

Mandell, W.: “Resonance in Crystal Beams of So-
dium-ammonium Seignette Salt,” Proc. Roy. Soc., vol.
165, pp. 414—431, 1938,

Mandell, W.: “The Determination of the Piezoelectric
Moduli of Ammonium Seignette Salt,” Proc. Roy. Soc.,
vol. 121, pp. 130—140, 1928.

Mandell, W.: “The Change in Elastic Properties on
Replacing the Potassium Atom of Rochelle Salt by
the Ammonium Group,” Proc. Roy. Soc., vol. 121, pp.
122—130, 1928.

Mandell, W.: “The Determination of the FElastic
Moduli of the Piezoelectric Crystal Rochelle Salt by
a Statical Method,” Proc. Roy. Soe., vol. 116, pp. 623—
636, 19217.

Marks, B. H.: “Ceramic Dielectric Materials,” Elec-
tronies, vol. 21, pp. 116—120, August 1948.

Marcum, J., and T. P. Kinn: “Heating with Micro-
waves,” Electronics, vol. 20, pp. 82—85, March 1947.
Marrison, W, A.: “The Crystal Clock,” Proc. Nat.
Acad. Sei., vol. 16, pp. 496—507, 1930.

Marrison, W. A.: “A High Precision Standard of Fre-
quency,” Proc. I.R.E., vol. 17, pp. 1103—1122, 1929;
Bell Syst. T. J., vol. 8, pp. 493—514, 1929,

Mason, C. A., and B. B. Ray: “Piezoelectric Vibration
Meter: Its Use for the Detection of Bearing Vibra-
tions,” Electrician, vol. 117, pp. 565~567, 1936.
Mason, W. P.: Piezoelectric Crystals and Their Ap-
plication to Ultrasonics, 1). Van Nostrand, New York,
1950, 508 pp.

Mason, W. P.: “Quartz Crystal Applications,” Bell
Syst. T. J., vol. 22, pp. 178—223, 1943; also printed in
book by Heising, R. A.: Quartz Crystals for Electrical
Circuits, 1). Van Nostrand, New York, pp. 11-—33,
1946.

. Mason, W. P.: “Voigt’s Elastic and Piezoelectric Re-

lations and Their Application to the Determination of
Low Temperature Coefficient Crystals,” refer to book
by Heising, R. A.: Quartz Crystals for Electrical Cir-
cuits, I). Van Nostrand, New York, pp. 31—56, 1946.



496.

497.

498.

500.

501.

5017.

-

. Mather, N. W.:

. Mayberry, W.:

H20.

Mason, W. P, and R. A. Sykes: “Low Frequency
Quartz-crystal Cuts Having Low Temperature Co-
efficients,” Proc. I.R.E., vol. 32, pp. 208-—215, 1944;
also printed in book by Heising, R. A.: Quartz Crys-
tals for Electrical Cirenits, D. Van Nostrand, New
York, pp. 537—554, 1946.

Mason, W. P., and L. E. Fair: “A New Direct Crystal-
Controlled Oscillator for Ultra-Short Wave Frequen-
cies,” Proc. I.R.E., vol. 30, pp. 464—472, 1942.
Mason, W. P.: Electromechanical Transducers and
Wave Filters, D. Van Nostrand, New York, 1942, 333
PP

Mason, W. P.: “Electrical and Mechanical Analogies,”
Bell Syst. T. J., vol. 20, pp. 405—414, 1941.

Mason, W. P., and R. A. Sykes: “Electrical Wave
Filters Employing Crystals with Normal and Divided
Electrodes,” Bell Syst. T. J., vol. 19, pp. 221—248,
1940,

. Mason, W. P.: “The Location of Hysteresis Phenom-

ena in Rochella Salt Crystals,” Phys. Rev., vol. 58,
pp. 744—1756, 1940,

. Mason, W. P.: “Low Temperature Coefficient Quartz

Crystals,” Bell Syst. T. J., vol. 19, pp. 74—93, 1940.

. Mason, W. P.. “A New Quartz-crystal Plate, Desig-

nated the GT, Which Produces a Very Constant Fre-
quency Over a Wide Temperature Range,” Proc.
LR.E., vol. 28, pp. 220—223, May 1940.

. Mason, W. P.: “A Dynamic Measurement of the Elas-

tic, Electric and Piezoelectric Constants of Rochelle
Salt,” Phys. Rev., vol. 55, pp. 775—1789, 1939.

. Mason, W. P.: “Resistance Compensated Band-pass

Crystal Filters for Use in Unbalanced Circuits,” Bell
System Tech. Jour., vol. 16, pp. 423—436, 1937.
Mason, W. P.: “Quariz Crystal Filters,” Bell Labs.
Record, vol. 13, pp. 305—311, 1935.

. Mason, W. P.: “The Motion of a Bar Vibrating in

Flexure, Including the Effects of Rotary and Lateral
Inertia,” J.A.S.A., vol. 6, pp. 246—249, 1935.

. Mason, W. P.: “An Electromechanical Representation

of a Piezoelectric Crystal Used as a Transducer,”
Proc. L.R.E., vol. 23, pp. 1252—1268, 1935; Bell Syst.
T. J., vol. 14, pp. 718723, 1935.

. Mason, W. P.: “Electrical Wave Filters Employing

Quartz Crystals as Elements,” Bell Syst. T. J., vol. 13,
pp. 4060—452, 1934, or patent 2,173,589.
“Multivibrator Circuits,” Electronics,
vol. 19, pp. 136-—138, October 1946.

. Matsumura, 8., and S. Kanzaki: “Quartz Plates with

a Very Small Temperature-coefficient of Oscillation
Frequency,” U.R.S.I. Gen. Assembly, Document 34,
Comm. 1, London, 1934.

. Maxwell, J. C.: “On Governors,” Proc. Roy. Seoc., vol.

16, pp. 270—283, 1868.
“Supersonics,” Electronics, vol. 10,
pp. 79, July 1937.

5. McCrath, J. W., and A. R. Kurtz: “Isolation of an

Ultrasonic Crystal Radiator from Conducting Li-
quids,” Rev. Sci. Instruments, vol. 13, p. 128, 1942,

. McCreary, H. J.: “The Magnetic Cross Valve and Its

Application to Sub-frequency Power Generation,”
Proc. Natl. Elec. Conf., vol. 5, pp. 450466, 1949.

. McDade, J. R.: “The Phantastron Control Circuit,”

Flee. Eng., vol. 67, pp. 974—9717, 1948.

. McGaughan, H. S, and C. B. Leslie: “A Resistance-

Tuned Frequency-Modulated Oscillator for Audio Fre-
quency Applications,” Proc. I.R.E., vol. 35, pp. 974—
4978, 1947.

. McKinley, ). W. R.: “Measurement of Small Optical

Activities with the Quartz Crystal Light Modulator,”
Can. Jour. Research, vol. 17, pp. 202—207, October
1939. ’

McKinley, I). W. R.: “Application of Quartz Crystals

WADC TR 56-156

521.

522.

523.

524.

525.
526.

527.

528.

529.

530.

531.

532.

542.

Appendix Il
Bibliography

to the Modulation of Light,” Can. Jour. Research,
sec. A, vol. 16, pp. 77—81, 1938.

McSkimin, H. J.: “Theoretical Analysis of Modes of
Vibration for Isotropic Rectangular Plates Having All
Surfaces Free,” Bell Syst. T. J., vol. 23, pp. 151—11717,
1944; also printed in book by Heising, R. A.: Quartz
Crystals for Electrical Circuits, D. Van Nostrand,
New York, pp. 249—275, 1946.

McSkimin, H. J.: The Distribution of Stress and
Strain for Rectangular Isotropic Plates Vibrating in
Normal Modes of Flerures, Thesis, New York Uni-
versity, June 1940.

Meacham, L. A.: “The Bridge-stabilized Oscillator,”
Proc. LR.E., vol. 26, pp. 1278—1294, 1938; Bell Syst.
T. J., vol. 17, pp. 574—591, 1938; short account in
Bell Labs. Rec., suppl. to vol. 18, January 1940.
Meacham, L. A.: “High-precision Frequency Com-
parisons,” Bridge of Eta Kappa Nu, vol. 36, pp. 5—S8,
February-March 1940.

Meahl, H, R.: “Quartz Crystal Controlled Oscillator
Circuits,” Proc. I.R.E., vol. 22, pp. 732737, 1934.
Meissner, A.: “Piezoelectric Crystals at Radio Fre-
quencies,” Proc. I.R.E., vol. 15, pp. 281—296, 1927.
Mendelssohn, J., and K. Mendelssohn: “Specific Heat
of a Substance Showing Spontaneous Electric Polari-
zation,” Nature, vol. 144, p. 595, 1939.

Meyer, O., and S. L. Penfield: “Results Obtained by
Etching a Sphere and Crystals of Quartz with Hydro-
fluoric Acid,” Trans. Conn. Acad. Sei., vol. 8, pp. 158—
165, 1889.

Mickey, L., and A. D). Martin: “Development of Stand-
ard Frequency Transmitting Sets,” Jour. Research
Nat. Bur. Standerds, vol. 12, pp. 1—12, 1934.
Millen, J., and D. Bacon: “Modern Design of High-
frequency Stages for the Amateur Superhet,” QST,
vol. 19, pp. 13f., January 1935.

Miller, J. M.: “Quartz Crystal Oscillators,” U. S.
Navy Radio Sound Rept.,’ issue of April 1, May 1,
June 1, 1925, pp. 53—64.

Miller, C. J., Jr,, Capt.: “The Equivalent Network of
a Quartz Crystal Unit and Its Application,” printed
in Fundamental Principles of Crystal Osecillator De-
sign, U. S. Army Signal Corps, Long Branch Signal
Laboratory, pp. 1—18, 1945.

. Miller, C. J., Jr.,, Capt.: “The Pierce Oscillator,”

printed in Fundamental Principles of Crystal Oscil-
lator Design, U. S. Army Signal Corps, Long Branch
Signal Laboratory, pp. 37—64, 1945.

. Miller, R. L.: “Fractional-Frequency Generators Util-

izing Regenerative Modulation,” Proc. I.R.E., vol. 27,
pp. 446—456, 1939.

. Minorsky, N.: Introduction to Nonlinear Mechanics,

J. W. Edwards, Ann Arbor, Mich,, 1947.

. Mittelman, E.: “Load Matching in Electronic Heat-

ing,” Electronics, vol. 18, pp. 110—115, February 1945.

. Modrak, P.: “Quartz and Tourmaline,” W. E., vol. 14,

pp. 127—134 and 175183, 1937.

. Modrak, P.: “Small Temperature Coefficient of Fre-

quency Quartz Plates,” W. E., vol. 16, pp. 6—15, 1939.

. Mogel, H.: “Monitoring the Operation of Short-wave

Transmitters,” Proc. I.R.E., vol. 19, pp. 214232, 1931,

. Montgomery, B. E.: “An Inductively Coupled Fre-

quency Modulator,” Proe. I.R.E., vol. 29, pp. 559—
563, 1941.

. Moore, J. B.: “Design of Stable Heterodyne Oscilla-

tors,” Electronics, vol. 18, pp. 116—118, October 1945,
Morrison, H.: “Ten-frequency Receiver,” Bell Labs.
Record, vol. 19, pp. 307—309, 1941.

. Morrison, J. T.: “A New Broadcast Transmitter Cir-

cuit Design for Frequency Modulation,” Prec. L.R.E.,
vol. 28, pp. 444—449, 1940,



Appendix Nl
Bibliography

H4h.

362,

T

567,
568.

569.

570.
5T1.

572,

. Moullin, E. B.:

. Mueller, H.:

. Nicolson, A. M.:

Moullin, . B.: The Theory and Practice of Radio
Frequency Measurements, 2nd ed., Charles Griffin &
Company, Ltd., London, 1931, 487 pp.

“Spontaneous Fluctuations of Volt-
age,” Oxford, London, 1938,

. Moullin, E. B.: “Effect of Curvature of the Charac-

teristic on Frequency of Dynatron Generators,”
J.ILE.E., vol. 13, p. 186, 1933.

“The Dielectric Anomalies of Rochelle
Salt,” Ann. N. Y. Acad. Seci., vol. 40, pp. 321—356,
1940.

. Mueller, H.: “Properties of Rochelie Salt, IV,” Phys.

Rev., vol. 58, pp. 805—811, 1940.

. Mueller, H.: “Properties of Rochelle Salt, II1,”” Phys.

Rev., vol. 58, pp. 565—573, 1940.

. Mueller, H.: “Properties of Rochelle Salt, I1,” Phys.

Rev., vol. 57, pp. 829—839, 1940.

. Mueller, H.: “Properties of Rochelle Salt, 1,” Phys.

Rev., vol. 47, pp. 1756—191, 1935.

553. Mueller, H.: “Influence of Electrostatic Fields on the

Elastic Properties of Rochelle Salt,” Phys. Rev., vol.
57, pp. 842—843, 1940.

54. Muller, W.: “Transitron Oscillator for High Stabil-

ity,” Electronic Inds., vol, 4, p. 110, December 1945.

5. Murphy, E. J, and S. O. Morgan: “The Dielectric

Properties of Insulating Materials,” Bell Syst. T. J.,
vol. 16, pp. 493—512, 1937, vol. 17, pp. 640—669, 1938.

. Myers, L. M.: Television Optics: An Introduction, Pit-

mean Publishing Corporation, New York, 1936, 338 pp.

. Myers, L. M.: “Application of the Electrometer Tri-

ode to the Determination of Piezoelectric Constants,”
Brit. Rad. Ann., pp. 15—20, 1934-5.

. Myers, L. M.: “A Piezoelectric Peak Voltmeter,” Mar-

coni Rev., 1934, pp. 4—8, November-December.

. Nelson, E. L.: “Radio Broadcasting Transmitters and

Related Transmission Phenomena,” Bell Syst. T. J.,
vol. 9, pp. 121—140, 1930.

. Newitt, J. H.: “R-C Osciliator Performance,” Elee-

tronics, vol. 17, p. 126, March 1944.

“The Piezoelectric Effect in the
Composite Rochelle Salt Crystal,” Trans. AAE.E.,
vol. 38, pp. 1467—1485, 1919; Proc. ALLE.E., vol. 38,
pp. 1315—1333, 1919; Electrician (London), vol. 83,
pp. 32f., 1919; Patent 2,212,845, filed April 10, 1918,
issued August 27, 1940.

Nishikawa, S., Sakisaka, Y., and I. Sumoto: “X-ray
Investigation of the Mode of Vibhration of Piezoelectric
Quartz Plates,” Phys. Rev., vol. 38, pp. 1078—1079,
1931, and vol. 43, pp. 363—364, 1933,

3. Nolle, A. W.: “Adjustment Speed of Automatic Con-

trol Systems,” Proc. I.R.E., vol. 36, pp. 911—9186, 1948,

. Norgorden, O.: “The Inverse Piezoelectric Properties

of Rochelle Salt at Audio Frequencies,” Phys. Rev.,
vol. 49, pp. 820—828, 1936.

. Norgorden, O.: “The Piezoelectric Properties of Ro-

chelle Salt,” Phys. Rev., vol. 50, p. 782, 1936 (letter
to the editor).

Norrman, E.: “The Inductance-Capacitance Oscillator
as a Frequency Divider,” Proc. I.R.E., vol. 34, pp.
T99—803, 1946.

Norrman, E.: “Tuning Fork Stabilization,”
tronies, vol. 13, pp. 15—117, January 1940.
Norrman, E.: “A Precision Tuning Fork Frequency
Standard,” Proc. I.LR.E., vol. 20, pp. 1715—1731, 1932.
North, H. Q.: “Properties of Welded Contact Ger-
manium Rectifiers,” *J. Appl. Ph:, vol. 17, pp. 912—
923, 1946.

Norton, R. L.: “Crystal Controlled Diathermy,” Elec-
tronies, vol. 19, pp. 113—115, October 1946.

Nyquist, H.: “Regeneration Theory,” Bell Syst. T. J.,
vol. 11, pp. 126—147, 1932.

Nyquist, H.: “Thermal Agitation of Electric Charge
in Conductors,” Phys. Rev., vol, 32, pp. 110—113, 1928,

Elee-

WADC TR 56-156

573.

5765.

576.

511.

578.

579.

O'Brien, E. J.: “A Coupled-Circuit Frequency Modu-
lator,” P’roc. I.R.E., vol. 32, pp. 348—350, 1944.

. Offner, ¥. F.: “The Effect of Q on Power-Amplifier

Efficiency,” Proc. I.R.E., vol. 34, pp. 896—897, 1946.
Offner, F.: “Recorder for Electrical Potentials. Damp-
ing of Piezo-electric Systems,” Jour. Applied Phys.,
vol. 11, pp. 347—352, 1940.

Okolicsanyi, F.: “The Wave-slot, an Optical Televi-
sion System,” Wireless Eng. Exptl. Wireless (Lon-
don), vol. 14, pp. 527—536, October 1937.

Oliver, M. H., and S. J. Fry: “A Method of Measur-
ing the Impedance of Quartz Crystals at Series Reso-
nance,” T.R.E. Tech. Note No. 26.

Oram, D. K.: “Full-range Selectivity with 455-ke.
Quartz Crystal Filters,” QS7, vol. 22, pp. 33f., De-
cember 1938.

Osborn, P. H.: “A Study of Class B and Class C
Amplifier Tank Circuits,” Proc. [.R.E., vol. 20, pp.
813834, 1932.

. Osterberg, H., and J. W. Cookson: “An Interference

Method for Measuring the Piezoelectric Moduli of
Alpha-quartz: The Moduli,” R.S.I., vol. 6, pp. 347—
356, 1935.

. Osterberg, H., and J. W. Cookson: “Longitudinal,

Shear, and Transverse Modes of Vibration in Quartz
and Tourmaline,” Physics, vol. 6, pp. 246—256, 1935.

. Osterberg, H., and J. W. Cookson: “A Theory of Two-

dimensional Longitudinal and Flexural Vibrations in
Rectangular Isotropic Plates,” Physics, vol. 6, pp.
234246, 1935,

583. Osterberg, H., and J. W. Cookson: “Some Piezoelectric

585.

588.

595.

596.

. Osterberg,

. Osterberg, H.:

and Elastic Properties of 8-quartz,” J. Frank. Inst.,
vol. 220, pp. 361—371, 1935.

H., and J. W, Cookson: “Piezoelectric
Stabilization of High Frequencies,” R.S.I., vol. 5, pp.
281286, 1934,

Osterberg, H.: “A Refracting Interferometer for Ex-
amining Modes of Vibration in Quartz Plates,” R.S.I,,
vol. 5, pp. 183-—186, 1934.

“A Multiple Interferometer for An-
alyzing the Vivbrations of a Quartz Plate,” Phys.
Rev., vol. 43, pp. 819—829, 1933.

. Osterberg, H.: “A Triple Interferometer for Distin-

guishing Flexural and Longitudinal Vibrations in
Quartz,” J.O.S.A., vol. 23, pp. 30—34, 1933.
Osterberg, H.: “An Interferometer Method of Study-
ing the Vibrations of an QOscillating Quartz Plate,”
J.0.8.4., vol. 22, pp. 1935, 1932,

. Osterberg, H.: “An Interferometer Method of Observ-

ing the Vibrations of an Oscillating Quartz Plate,”
Proc. Nat. Acad. Sei., vol. 15, pp. 892—896, 1929.

. Ostlund, E. M., Vallerino, A. R., and M. Silver: “Cen-

ter-Frequency-Stabilized Frequency Modulation Sys-
tems,” Proc. I.LR.E., vol. 35, pp. 1144—-1147, 1947.

. Page, R. M., and W. E. Curtis: “The van der Pol

Four-Electrode Relaxation Oscillator,” Proc. I.R.E.,
vol. 18, pp. 19211929, 1930.

. Page, R. M.: “An Investigation of the Phenomena of

Frequency Multiplication, as Used in Tube Transmit-
ters,”Proc. I.R.E., vol. 17, pp. 1619—1655, 1929,

. Parrish, W.: “Methods and Equipment for Sawing

Quartz Crystals,” pp. 371388, “Machine Lapping of
Quartz Oscillator-plates,” pp. 416—431, 4. Min., vol.
30, May-June 1945,

. Parrish, W,, and S. G. Gordon: “Orientation Tech-

niques for the Manufacture of Quartz Oscillator-
plates,” pp. 296—325, “Precise Angular Control of
Quartz-cutting by X-rays,” pp. 326—346, A. Min., vol.
30, May-June 1945.

Pauling, L.: The Nature of the Chemical Bond, Cor-
nell University Press, Ithaca, N. Y., 1939.

Peirce, B. O.: A Short Table of Integrals, Ginn & Co.,
Boston, 2nd rev, ed., 1910,



597

600.

601.

602.

603.

604.

607.

608.

609.

610.

611.

612.

613.

614.

615.

616.

617.

618.

619.

620

. Peterson, E., Manley, J. M., and L. R. Wrathall:
“Magnetic Generation of a Group of Harmonics,” Bell
Syst. T. J., vol. 16, pp. 436—455, 19317.

. Peterson, E., Kreer, J. G., and L. A. Ware: “Regen-
eration Theory and Experiment,” Proc. I.R.E., vol.
22, pp. 1191—1210, 1934.

. Peterson, E.: “Impedance of a Non-Linear Circuit

Element,” Trans. AI.E.E., vol. 46, p. 528, 1923.

Pielemeier, W. H., Saxton, H. L., and D. Telfair:

“Supersonic Effects of Water Vapor in CO, and Their

Relation to Molecular Vibrations,” Jour. Chem. Phys.,

vol. 8, pp. 106—115, 1940.

Pielemeier, W. H.. “Acoustical Detection of Electri-

cally Weak Vibrations in Quartz Plates,” J.A.S.A.,

vol. 9, pp. 212—216, 1938.

Pierce, J. R.: “Noise in Resistances and Electron

Streams,” Bell Syst. T. J., vol. 27, pp. 1568—174, 1948.

Pierce, J. R., and W. G. Shepherd: “Reflex Oscilld-

tors,” Bell Syst. T. J., vol. 26, pp. 460—681, 1947.

Pierce, G. W.: “The Songs of Insects,” Jour. Franklin

Inst., vol. 236, pp. 141—146, 1943 (see also Radio Rev.

Australia, vol. 5, p. 303, 1937).

. Pierce, G. W.: “Magnetrostriction Oscillators,” Proc.
LR.E., vol. 17, pp. 42—88, 1929.

. Pierce, G. W.: “Piezoelectric Crystal Oscillators Ap-

plied to the Precision Measurement of the Velocity of

Sound in Air and Carbon Dioxide at High Frequen-

cies,” Proc. A.A.A.S., vol. 60, pp. 277—302, 1925.

Pierce, G. W.: “Piezoelectric Crystal Resonators and

Crystal Oscillators Applied to the Precision Calibra-

tion of Wavemeters,” Proc. A.A.A.S., vol. 59, pp. 81—

106, 1923.

Pitt, A.,, and D. W. R. McKinley: “Variation with

Temperature of the Piezoelectric Effect in Quartz,”

Can. J. Res., A, vol. 14, pp. 57—65, 1936.

Pitt, A, and W. J. Jackson: “Measurement of the

Velocity of Sound in Low Temperature Liquids at

Ultrasonic Frequencies,” Can. Jour. Research, vol. 12,

pp. 686—689, 1935.

Plasencia, H. T.: “Spanish Standard for the Roentgen

(piezoelectric device for standard charge),” Radiol-

ogy, vol. 34, pp. 82—94, January 1940.

Poppele, J. R., Cunningham, F. W, and A. W. Kish-

paugh: “Design and Equipment of a Fifty-kilowatt

Broadcast Station for WOR,” Proc. I.LR.E., vol. 24,

pp. 1063—1081, 1536.

Porter, B. H.: “The Supersonic Oscillator,” Ind. Eng.

Chem., vol. 12, pp. 748—1749, 1940.

Post, E. J.,, and H. F. Pit: “Alternate Ways in the

Analysis of a Feedback Oscillator and Its Applica-

tions,” Proc. I.R.E., vol. 39, pp. 169—174, 1951.

Pound, R. V.: “Frequency Stabilization of Microwave

Oscillators,” Proc. I.R.E., vol. 35, pp. 1405—1415,1947.

Powers, W. F.:. “Temperature Coefficient of Fre-

quency of Quartz Resonators” (abst.), Phys. Rev.,

vol. 23, p. 783, 1924,

Poynting, J. H., and J. J. Thomson: A Text-book of

Physics, vol. 4, “Electricity and Magnetism,” part 1;

“Pyroelectricity and Piezoelectricity,” pp. 148—163,

London, 1920.

Prichard, A. C., Druesne, M. A. A,, and D. G. McCaa:

“Increase in Q Value and Reduction in Aging of

Quartz Crystal Blanks,” Proc. I.R.E., vol. 38, p. 314,

1950.

Prichard, A. C.: “The Miller Oscillator,” printed in

Fundamental Principles of Crystal Oscillator Design,

U. S. Army Signal Corps, Long Branch Signal Lab-

oratory, pp. 65—77, 1945.

Prince, D. C.: “Vacuum Tubes as Power Oscillators,”

Proc. I.R.E., vol. 11, pp. 275—315, 405—-435, and 527—

550, 1923.

. Proshauer, R., and H. E. Smith: “Fungus and Mois-

WADC TR 56-156

621.

622.

623.

624.

625.

626.

627.

628.

629.

630.

631.

632.

636.

6317.
638.

639.

640.
641.

642,

643.
644.
645.
646.

647.

Appendix I

Bibliography
ture Protection,” FElectronics, vol. 18, pp. 119--123,
May 1945.
Puckie, O. S.: “A Time Base Employing Hard

Valves,” J. Television Soc. (London), vol. 2, p. 147,
1936.

Puckle, O. S.: Time Bases, John Wiley, New York,
2nd ed., 1951,

Pullen, K. A.: “The Cathode-Coupled Amplifier,”
Proc. LR.E., vol. 24, pp. 402—405, 1946.

Quimby, S. L., and S. Siegel: “The Variation of the
Elastic Constants of Crystalline Sodium with Tem-
perature between 80°K and 210°K,” Phys. Rev., vol.
54, pp. 293—299, 1938.

Quimby, S. L.: “New Experimental Methods in Ferro-
magnetism” (abstr.), Phys. Rev., vol. 89, pp. 345—
353, 1932.

Quimby, S. L.: “Cn the Experimental Determination
of the Viscosity of Vibrating Solids,” Phys. Rev., vol.
25, p. 558, 1925,

Radio News Staff: “Ultra-selectivity with Crystal Fil-
ters,” Radio News, vol. 15, pp. 4771., 1934; vol. 16,
pp. 603f., 1935.

Rambo, S. I.: “AFC for RF Heating,” .Electronics,
vol. 19, pp. 120—122, April 1946.

Rayleigh, Lord: The Theory of Sound, Macmillan &
Company, Ltd., London, 1926, vol. 1, 480 pp.; vol. 2,
504 pp.

Rayner, E. H.: “The Researches of the Late Dr. D.
W. Dye on the Vibrations of Quartz,” J.I.E.E. (Lon-
don), vol. 72, pp. 519—527, 1933; Proc. Wireless Sec.,
LLE.E., vol. 8, pp. 99—107, 1933.

R.C.A.: “Low-frequency Crystal Units (80 kc to 250
kc),” Bureau of Ships Contract Nobsr-42409, Decem-
ber 1950.

R.C.A.: “Mechanical Overtone Crystal Units, 50 me
to 150 mc or Higher,” Signal Corps Contract W36-
039-sc—38265, October 1950.

. R.C.A.: “Low-frequency AT Cut Crystal Plates( 500

ke to 1,000 ke),” Signal Corps Contract W36—039--sc—
5460, January 14, 1952,

. Read, T. A.: “The Internal Friction of Single Metal

Crystals,” Phys. Rev., vol. 58, pp. 371—380, 1940.

. Record, F. A, and J. L. Stiles: “An Analytical Dem-

onstration of Hartley Oscillator Action,” Proc. I.LR.E.,
vol. 31, pp. 281—287, 1943.

Reddick, H. W., and F. H. Miller: Advanced Mathe-
matics for Engineers, John Wiley, New York, 2nd
ed., 1947.

Regener, V. H.: “Decade Counting Circuits,” R.S.I.,
vol. 17, pp. 185—189, 1946.

Regener, V. H.: “Reversible Decade Counting Cir-
cuits,” R.S.I., vol. 17, 3752376, 1946.

Reich, H. J.: “The Use of Vacuum Tubes as Variable
Impedance Elements,” Proc. I.R.E., vol. 30, pp. 288—
293, 1942.

Reich, H. J.: Theory and Applications of Electron
Tubes, McGraw-Hill, New York, 1939.

Reich, H. J.: “Trigger Circuits,” Electronics, vol. 12,
pp. 14—17, August 1939.

Rice, S. 0.: “Mathematical Analysis of Random
Noise,” Bell Syst. T. J., vol. 23, pp. 282—332, 1944,
and vol. 24, pp. 46—156, 1945,

Richards, W. T.: “Supersonic Phenomena,” Rev. Mod-
ern Phys., vol. 11, pp. 36—64, 1939.

Richards, W. T.: “Recent Progress in Supersonics,”
Jour. Applied Phys., vol. 9, pp. 298—306, 1938.
Ridenour, L. N.: Radar System Engineering, McGraw-
Hill, New York, 1947.

Riebman, Leon: “Theory of the Superregenerative
Amplifier,” Proe. L.R.E., vol. 37, pp. 29—33, 1949.
Rideout, V. C.: “Automatic Frequency Control of
Microwave Oscillators,” Proc. I.R.E., vol. 35, pp. 767—
771, 1947.



Appendix 1I
Bibliography

648.

649.

652.

659.

660.

661.

662.

663.

664.

666.

667.

668.

670.

671.

Rinehart, J. S.: “Temperature Dependence of Young's
Modulus and Internal Friction of ‘Lucite and Karo-
lith,” Jowr. Applied Phys., vol. 12, pp. 811—816, 1941.
Itoberts, K. A., Goldsmith, P., Kurinsky, J., and E. K.
Novak, Armour Research Foundation of IHlinois Insti-
tute of Technology: “Investigation of Oscillator Cir-
cuits for Proposed Standards,” Air Force Contract
AF 18(600)-157, June 22, 1953.

. Roberts, S.: “Dielectric and Piezoelectric Properties

of Barium Titanate,” Phys. Rev., vol. 71, 2nd ser.,
p- 890, 1947.

. Robinson, D. M.: “The Supersonic Light Control and

Its Application to Television with Special Reference
to the Scophony Television Receiver, Proc. I.R.E., vol.
27, pp. 483—486, 1939; also papers by J. Sieger (pp.
487—492), G. Wikkenhauser (pp. 492—496), and H.
W. Lee (pp. 496—500).

Robinson, J.: “The Stenode Radiostat,” Radio News,
vol. 12, pp. 590f., 1931. More on this device will be
found in Electronics, Radio News, Wireless Eng.
Exptl. Wireless, and Wireless World from 1931 on.

3. Robinson, S. A., and F. N. Barry, Philco Corporation:

“H.F. Harmonic Crystal Investigation,” Air Force
Contrdct W33-038-ac—14172, April 1947.

. Rogers, Austin F., and Paul F. Kerr: Optical Min-

eralogy, McGraw-Hill, New York, 1942, 390 pp.

. Ronan, J. M.: “Fabricating Techniques for Crystal

Unit CR-23/U (49.9 to 51.1 Mc),” Engineering Re-
port No. E-1108, Sig. C. Proj. No. 4302E, Signal
Corps Engineering Laboratories, Fort Monmouth,
N. J., February 2, 1953.

. Rose, F. C.: “The Variation of the Adiabatic Elastic

Moduli of Rocksalt with Temperature between 80°K
and 270°K,” Phys. Rev., vol. 49, pp. 50—54, 1936.

. Rosenthal, A. H.: “Storage in Television Reception,”

Electronics, vol. 14, pp. 46f., October 1941; also Elec-
tronic Eng. (British), pp. 578f, January 1942.

. Rosenthal, L., et al.,, Rutgers University: “Research

Measurements of Power Dissipation Temperature Rise
Characteristics of Crystal Units,” Signal Corps Con-
tract W36-039-sc—32081, August 1947,

Sabaroff, S.: “A Voltage Stabilized High-frequency
Crystal Oscillator Circuit,” Proc. I.R.E., vol. 25, pp.
623--629, 1937.

Salisbury, W. W,, and C. W. Porter: “An Efficient
Piezoelectric Oscillator,” R.S.1., vol. 10, pp. 269—270,
1939.

Sanders, E. W.: “Wave Propagation in Shearing
Quartz Oscillators of High Frequency,” J. Appl. Ph.,
vol. 11, pp. 299—300, 1940.

Sanders, E. W.: “Modes of Fracture in Piezoelectric
Crystals,” QST, vol. 21, pp. 17—18, 84, 19317.
Sarbacher, R. I, and W. A. Edson: Hyper and Ultra-
High F'requency Engineering, John Wiley, New York,
1943.

Sarbacher, R. 1.: “Power-Tube Performance in Class
C Amplifiers and Frequency Multipliers as Influenced
by Harmonic Voltage,” Proc. L.R.E., vol. 31, pp. 607—
625, 1943.

. Sarbacher, R. I.: “Graphical Determination of Power

Amplifier Performance,” Electronics, vol. 15, p. 52,
December 1942,

Sawdey, R. S., Jr.: “Piezoelectric Surface Analyzer,”
Radio, pp. 20—23, March 1943.

Sawdey, R. S., Jr.: “Bimorph Rochelle Salt Crystals
and Their Applications,” Radio, pp. 23f., September
1943.

Sawyer, C. B.: “The Use of Rochelle Salt Crystals
for Electrical Reproducers and Microphones,” Proc.
LR.E., vol. 19, pp. 2020—2029, 1931.

Sawyer, C. B, and C. H. Tower: “Rochelle Salt as a
Dielectric,” Phys. Rev., vol. 35, pp. 269—273, 1930.
Schaffner, H.: Range of Synchronization of Subhar-

WADC TR 56-156

672.

673.
674.

675.
676.
6717.
678.

679.

680.
681.

682.

683.

684.

685.

686.

687.

688.

689.

690.

691.

692.

693.

694.

695.

696.

monic FKirxternal Resonance, Report from E. . Re-
search Laboratory, University of lllinois, 1949.
Schelkunoff, S. A.: “Representation of Impedance
Functions in Terms of Resonant Frequencies,” I’roc.
LR.E., vol. 32, pp. 83—90, 1944,

Schlesinger, Kurt: “Cathode-Follower Circuits,” Proc.
I.R.E., vol. 26, p. 1278, October 1938.

Schmidt, C. R.: “Frequency Division with Phase-Shift
Oscillators,” Electromics, vol. 23, pp. 111—113, June
1950. -

Scott, H. H.: “A General Purpose Vibration Meter,”
Jour. Acous. Soc. Am., vol. 13, pp. 46—50, 1941.
Scott, H. J.: “A Precise Radio-frequency Generator,”
Bell Labs. Record, vol. 11, pp. 102—108, 1932.
Scroggie, M. G.: “Applications of the Dynatron,”
W. E., vol. 10, pp. 527—540, 1933.

Searles, C. E.: “Discussion of Crystal Units and Oscil-
lators,” ASESA 340, June 1, 1952, and printed in
“Information Bulletin on Quartz Crystal Units,”
ASESA 52-9, Armed Services Electro Standards
Agency, Fort Monmouth, N. J.,, pp. 1—13, August
1952.

Searles, C. E., and D. A. Venn: “Theory and Descrip-
tion of Radio Frequency Ohmmeter ZM-2/U,” Tele-
Tech, March 1950.

Seddon, J. C.: “Square Wave Keying of Oscillators,”
Electronics, vol. 23, p. 162, February 1950.

Seeley, S. W., and J. Avins: “The Ratio Detector,”
R.C.A. Rev., vol. 8, pp. 201—236, 1947.

Seeley, S. W., and E. I. Anderson: “U-H-F Oscillator
Frequency-Stability Considerations,” R.C.A. Rev., vol.
5, pp. 77—88, 1940.

Selgin, P. J.: Electrical Transmission in the Steady
State, McGraw-Hill, New York, 1946.

Shannon, C. E.: “Communication in the Presence of
Noise,” Proc. I.R.E., vol. 37, pp. 10—21, 1949.
Sharpless, T. K.: “High Speed N-Scale Counters,”
Electronies, vol. 21, pp. 122—125, March 1948.

Shaw, H. S.: “Oscillating Crystals,” QST, vol. 7, pp.
30f., July 1924.

Shea, T. E.: “Transmission Networks and Wave Fil-
ters,” D. Van Nostrand, New York, 1929.

Shear, S. K., and A. B. Focke: “The Dispersion of
Supersonic Waves in Cylindrical Rods of Polycrystal-
line Silver, Nickel and Magnesium,” Phys. Rev., vol.
57, pp. 532-—537, 1940.

Shenk, E. R.: “The Multivibrator, Applied Theory
and Design,” Electronics, vol. 17, pp. 136—141, 140—
145, 138—142, January, February, March 1944.
Shepherd, W. G., and R. O. Wise: “Variable-Fre-
quency Bridge-Type Frequency-Stabilized Oscilla-
tors,” Proc. I.R.E., vol. 31, pp. 256—269, 1943.

Shore, S. X.: A series of articles on the grading and
orientation of quartz crystals and the sawing, lap-
ping, finishing, and testing of quartz plates, Com-
munications, vol. 23, October-December 1943, vol. 24,
January, February 1944,

Shulvas-Sorokina, R. D.: “Is It Possible to Determine
the Piezoelectric Constant at High Temperature by
the Statistical Method?” Phys. Rev., vol. 34, pp. 1448
—-1450, 1929.

Shulvas-Sorokina, R. D)., and M. V. Posnov: “The
Time of Relaxation in Crystals of Rochelle Salt,”
Phys. Rev., vol. 47, pp. 166—174, 1935.

Siegel, S.: “Review of Supersonic Methods for Meas-
uring Elastic and Dissipative Properties of Solids,”
Jour. Acous. Soc. Am., vol. 6, pp. 26—30, 1944.
Siegel, S., and S. L. Quimby: “The Variation of
Young’s Modulus with Magnetization and Tempera-
ture in Nickel,” Phys. Rev., vol. 49, pp. 663-—670, 1936.
Signal Corps Engineering Laboratories: “Crystal
Data Sheets,” vol. 1, Project 44221, Fort Monmouth,
N. J., March 1, 1951,



6917.

698.

699.

700.

701.

702.

703.

704.
705.

706.

7017.

708.

709.

T10.

711,

712.

713.

714.

716.

7117.

718.

719.

720.

Silver, L., Strongin, E., and A. Yevlove: “Investiga-
tion, Studies and Evaluation of Performance of Crys-
tal Unit Characteristics,” N. Y. University, Research
Division, Fourth Quarterly Progress Report, 1952,
prepared for U. S. Signal Corps, Contract No. DA36-
039-s¢—5493.

Simon, A. W.: “On the Theory of the Progressive
Universal Winding,” Proc. IL.LR.E., vol. 33, pp. 868—
871, 1945.

Sing, C.: “Series Sawtooth Oscillator,” Electronics,
vol. 23, p. 178, August 1950.

Sivian, L. J.: “Absolute Sound Pressure Measure-
ments with Tourmaline” (abst.), Jour. Acous. Soc.
Am., vol. 92, p. 462, 1941.

Skellett, A. M.: “Modes of Vibration of a Round
Plate Cut from a Quartz Crystal,” J.O.S.A., vol. 20,
PpP. 293—302, 1930.

Skellett, A. M.: “A Visual Method for Studying
Modes of Vibration of Quartz Plates,” J.0O.S.A., vol.
17, pp. 308—317, 1928.

Skinner, L. V.: Criteria for Stability in Circuits Con-
taining Non-Linear Resistance, Doctor’s Thesis, Uni-
versity of Illinois, 1948.

Slater, J. C.: “Microwave Electronics,” Rev. Mod.
Phys., vol. 18, pp. 441—512, 1946.

Slater, J. C.: “Theory of Transition in KH,PO,,” Jour.
Chem. Phys., vol. 9, pp. 16—33, 1941.

Sloane, R. W, and E. G. James: “Transit Time Effects
in Diodes in Pictorial Form,” J.I.E.E., vol. 79, pp.
291-—296, 1936.

Slonziewski, T.: “High-Accuracy Heterodyne Oscilla-
tors,” Bell Syst. T. J., vol. 19, p. 407, 1940.

Smith, A. W,, and L. M. Ewing: “The Diffraction of
Light by Supersonic Waves in Liquids; Apparatus
for Demonstration and for an Intermediate Labora-
tory Experiment,” Am. Jour. Phys., vol. 8, pp. 57—
59, 1940.

Smith, P. H.: “Optimum Coax Diameters,” Elec-
tronies, vol. 23, p. 111, February 1950.

Smith, W. V., de Guevedo, J. L. G., Carter, R. L., and
W. S. Bennett: “Frequency Stabilization of Micro-
wave Oscillators by Spectrum Lines,” J. Appl. Ph.,
vol. 18, p. 1112, 1947, and vol. 19, p. 831, 1948.
Sokolnikoff, 1. S., and E. S.: Higher Mathematics for
Engineers and Physicists, McGraw-Hill, New York,
1948.

Sosman, R. B.: The Properties of Silica, Chemical
Catalog Company, Inc.,, New York, 1927, 856 pp.
Soucy, C. I.: “Temperature Coefficients in Electronic
Circuits,” Electronics, vol. 21, pp. 117—121, January
1948. '

Speight, J. W.: “The Electrodynamic Characteristics
of the Quartz Piezoelectric Oscillator,” Can. J. Res.,
vol. 12, pp. 812—819, 1935.

. Spitzer, C. F.: “Sustained Subharmonic Response of

Non-Linear Series Circuits,” J. Appl. Ph., vol. 16, pp.
105—110, 1945.

Spring, W. S.: “Characteristics of Deltamax,” Elec-
tronics, vol. 22, p. 152, June 1949,

Stamford, N. C.: “The Production of Rochelle Salt
Piezoelectric Resonators Having a Pure Longitudinal
Mode of Vibration,” Proec. I.R.E., vol. 25, pp. 4656—
471, 1937.

Stanesby, H.: “A Simple Narrow-band Crystal Fil-
ter,” Post Office Elec. Eng. Jour., vol. 35, pp. 4-—1,
April 1942,

Stanesby, H., and E. R. Broad: “A Narrow Band
Filter Using Crystal Resonators,” Post Office Elec.
Eng. Jour., vol. 33, pp. 176—182, 1941.

Stansel, F. R.: “A Secondary Frequency Standard
Using Regenerative Frequency-Dividing Circuits,”
Proc. I.R.E., vol. 30, pp. 157—162, 1942.

WADC TR 56-156

721.

722.

723.

724.

725."

726.

7217.

728.

729.

730.

731.

732.
733.
734.
735.
736.

731.

738.

739.

740.

741.

742.

Appendix Il
Bibliography

Starr, A. T.: “Electro-acoustiec Reactions,” W. E., vol.
17, pp. 247—256, 303309, 1940. '
Stephenson, C. C., and A. C. Zettlemoyer: “The Heat
Capacity of Ammonium Dihydrogen Phosphate from
15° to 300°K. The Anomaly at the Curie Tempera-
ture,” J. Am. Chem. Soc., vol. 66, pp. 1405—1408, 1944.
Stephenson, C. C., and A. C. Zettlemoyer: “The Heat
Capacity of Potassium Dihydrogen Arsenate from 15°
to 300°K. The Anomaly at the Curie Temperature,”
J. Am. Chem. Soc., vol. 66, pp. 1402—1405, 1944.
Stephenson, C. C., and J. G. Hooley: “The Heat Ca-
pacity of Potassium Dihydrogen Phosphate from 15°
to 300°K. The Anomaly at the Curie Temperature,”
J. Am. Chem. Soc., vol. 66, pp. 1397—1401, 1944.
Stephenson, C. C., and H. E. Adams: “The Heat Ca-
pacity of Ammonium Dihydrogen Arsenate from 15°
to 300°K. The Anomaly at the Curie Temperature,”
J. Am. Chem. Soc., vol. 66, pp. 1409—1412, 1944.
Sterky, H.: “Frequency Multiplication and Division,”
Proc. I.R.E., vol. 25, pp. 1153—1174, 1937.

Stevens, H. C.,, and J. M. Snodgrass: “A Piezoelectric
Myograph” (for measurement of contracting muscle),
Proc. Soc. Exptl. Biol. Med., vol. 30, pp. 939—943,
1933.

Stockman, H.: “Superregenerative Circuit Applica-
tions,” Electromics, vol. 21, pp. 11563—1174, 1931.
Stoiber, R. E., Tolman, C., and R. D. Butler: “Geology
of Quartz Crystal Deposits,” A. Min., vol. 30, pp.
245—268, May-June 1945.

Stone, J. E.: “An Ultra-L.ow Frequency Oscillator,”
Electronics, vol. 23, pp. 94—95, January 1950.
Strong, J. A.: “New Method of Investigating the
Modes of Vibration of Quartz Crystals,” Nature, vol.
129, p. 59, 1932.

Sturley, K. R.: “The Phase Discriminator,” W. E.,
vol. 21, pp. 72—178, 1944.

Sturtevant, M.: “A Voltage Controlled Multivibra-
tor,” Electronics, vol. 22, p. 144, October 1949.
Sulzer, P. G.: “The Tapered Phase-Shift Oscillator,”
Proc. I.LR.E., vol. 36, pp. 1302—1305, 1948.
Summerhayes, H. R.: “A 260 to 350 Megacycle Con-
verter Unit,” Proc. I.R.E., vol. 31, p. 252, 1943,
Swan, A. G.: “Radiation from R-F Heating Genera-
tors,” Electronices, vol. 19, p. 162, May 1946.

Sykes, R. A., Bell Telephone Laboratories: “Design
Data on Crystal Units,” printed in Information Bulle-
tin on Quartz Crystal Units, ASESA 52-9, Armed
Services Electro Standards Agency, Fort Monmouth,
N. J,, pp. 1—16, August 1952.

Sykes, R. A.: Equations of Elastic and Piezoelectric
Constants for Rotation of Axes About the X Awxis,
refer to book by Heising, R. A.: Quartz Crystals for
Electrical Circuits, D. Van Nostrand, New York, pp.
247—248, 1946.

Sykes, R. A.: Location of Mass on Supporting Wire,
refer to book by Heising, R. A.: Quartz Crystals for
Electrical Circuits, D. Van Nostrand, New York, pp.
287—289, 1946.

Sykes, R. A.: “Modes of Motion in Quartz Crystals,
the Effects of Coupling and Methods of Design,” Bell
Syst. T. J., vol. 23, pp. 52—96, 1944; also printed in
book by Heising, R. A.: Quartz Crystals for Electrical
Circuits, D. Van Nostrand, New York, pp. 205—246,
1946.

Sykes, R. A.: “Principles of Mounting Quartz Plates,”
Bell Syst. T. J., vol. 23, pp. 178—189, 1944; also
printed in book by Heising, R. A.: Quartz Crystals
for Electrical Circuits, D. Van Nostrand, New York,
pp. 276—286, 1946.

Synge, E. H.: “Application of Piezoelectricity to
Microscopy,” Phil. Mag., vol. 13, pp. 297—300, 1932.



Appendix ]
Bibliography

743.

T44.

746.

7417.

748.

749,

751,

752,

753,

754.

750,

756.

757,

758.

759.

760.

761.

762.

763,
764.

T65.

T66.

767.

Taschek, R., and H. Osterberg: “Crystalline Sym-
metry and Shear Constants of Rochelle Salt,” Phys.
Rev., vol. 50, p. 572, 1936.

Teare, B. R., Jr., and E. R. Schatz: *“Copper-Covered
Steel Wire at Radio Frequencies,” Proc. I.R.E., vol.
32, pp. 397—403, 1944.

. Telfair, D., and W. H. Pielemeier: “An Improved

Apparatus for Supersonic Velocity and Absorption
Measurements,” Rev. Sci. Instruments, vol. 13, pp.
122—126, 1942.

Terman, F. E.: RBadio Engineers Handbook, McGraw-
Hill, New York, 1943.

Terman, F. E,, and W. C. Roake: “Calculation and
Design of Class C Amplifiers,” Proc. I.R.E., vol. 24,
p. 620, April 1936.

Terman, F. E.: “Resonant Lines in Radio Circuits,”
Elec. Eng., vol. 53, p. 1046, 1934.

Terman, F. E.: “Resistance Stabilized Oscillators,”
Electronics, vol. 6, p. 190, July 1933.

. Terry, E. M.: “The Dependence of the Frequency of

Quartz Piezo-Electric Oscillators Upon Circuit Con-
stants,” Proc. I.LR.E., vol. 16, p. 1486, 1928.

Thomas, H. A.: Theory and Design of Valve Oscil-
lautors, Chapman & Hall, London, 2nd ed., 1951.
Thomas, H. A.: “The Depeudence on Frequency of
the Temperature Cocfficient of Inductance of Coils,”
J.ILE.E., vol. 84, pp. 101—112, 1939.

Thompson, B. J., North, D. O, and W. A. Harris:
“Fluctuations in Space-Charge-Limited Currents at
Moderately High Frequencies,” R.C.A. Rev., vol. 6,
pp. 114—124, 1941, .
Thomas, H. P., and R. H. Wiiliamson: “A Commer-
cial  H0-kilowatt Frequency-Modulation Broadcast
Transmitting Station,” Proc. I.LR.E., vol. 29, pp. 537—
545, 1041,

Thomson, J. J.: “Piczoelectricity and Its Applications”
(quartz and tourmaline for explosion pressures),
Engineering, vol. 107, pp. 543544, 1919.
Thompson, L.: “Shock Waves in Air and Character-
istics of Instruments for Their Measurement” (dis-
charge of heavy artillery, use of quartz, Rochelle salt,
and tourmaline), Jour. Acous. Soc. Am., vol. 12, pp.
198—204, 1940.

Thomson, W. T.: “Effect of Rotary and Lateral In-
ertia on Flexural Vibration of Prismatic Bars,”
J.A.S.A., vol. 11, pp. 198—204, 1939.

Thurston, G. M.: “Adjusting to Frequency,” refer to
book by Heising, R. A.: Quartz Crystals for Electrical
Circuits, 1). Van Nostrand, New York, pp. 317--332,
1946.

Thurston, G. M.: “A Crystal Test Set,” Bell Labs.
Ree., vol. 22, pp. 477—480, 1944.

Thurston, G. M.: “Flatness and Parallelism in Quartz
Plates,” Bell Labs. Ree., vol. 22, pp. 435—439, 1944.
Tibbetts, R. W.: “Rochelle Salt Crystal Devices of
Low Impedance” (loud-speaker and oscilloscope),
Electronics, vol. 16, pp. 88f., April 1943.

Tillyer, E. ., American Optical Co.: “Y Cut Crystal
Vibrating in a Shear Mode,” Patent 1,907,613, issued
May 9, 1933.

Titchmarch, E. C.: Theory of Functions, Oxford, pp.
191-—192, 1932.

Tolansky, S.: “Topography of a Quartz Crystal Face,
Nature, vol. 153, pp. 195—196, 1944,

Tomlinson, G. A.: “Recent Developments in Precision
Time-keeping,” Qbservatory, vol. 57, pp. 189—195,
1934.

Tournier, M.: “History and Applications of Piezo-
electricity,” Klee. Comm., vol. 15, pp. 312—327, 1937,
ENT, vol. 15, pp. 320—334, 1937.

Travis, C.: “Automatic Frequency Control,” Proc.
I.R.E., vol. 23, pp. 11256—1141, 1935,

WADC TR 56-156

768.

769.

770.

771.

772,

773.

T74.

775.

716.

1.

718.

779.

780.

781.

782.

784.

785.

786.

787.

788.

Tschappat, W. H.: “New Instruments for Physical
Measurements” (pressure gauge for interior ballis-
tics), Mech. Eng., vol. 45, pp. 673—678, 1923; see also
vol. 48, pp. 821825, 1926.

Tsi-Ze, Ny, Ling-Chao Tsien, and Fang Sun-Hung:
“QOscillations of Hollow Quartz Cylinders Cut Along
the Optic Axis,” Proc. I.LR.E., vol. 24, pp. 1484—1494,
1936.

Tucker, D. G.: “Forced Oscillations in Oscillator Cir-
cuits and the Synchronization of Oscillators,”
J.E.E., vol. 92, pp. 226—233, Part III, 1945.
Tucker, D. G.: “The Synchronization of Oscillators,”
Electronic Eng., vol. 15, pp. 412—418 and 457—461,
1943; also vol. 16, pp. 26—30 and 114—117, 1944.
Tucker, D. G.: “The Generation of Groups of Har-
monics,” Electronic Eng., vol. 15, pp. 232—237, 1942,
Tuller, W. G., Galloway, W. C., and F. P. Zaffarano:
“Recent Developments in Frequency Stabilization of
Microwave Oscillators,” Proc. 1.R.E., vol. 36, pp. 794—
800, 1948.

Tutton, A. E. H.: Crustallography and Practical Crys-
tal Measurement, 2nd ed., Macraillan & Company, Ltd,,
London, 1922, 2 vols., 746 and 699 pp.

Tyrrell, W. A.: “Hybrid Circuits for Microwaves,”
Proc. I.R.E., vol. 35, pp. 1294-—1306, 1947.

U. S. Air Force, Air Material Command, Wright-Pat-
terson Air Force Base, Civilian Personnel Division in
Conjunction with Gentile Air Force Specialized De-
pot: “Quartz Crystal Fabrication Assignments,” April
1952.

U. 8. Air Force Technical Order, T.Q0. No. 16-
35TS330-5, and U. 8. Army Technical Manual, TM
11-5051: “Crystal Impedance Mcter TS-330/TSM,”
April 1951, U. S. Government Printing Office, Wash-
ington, ). C., 64 pp.

U. 8. Air Force Technical Order, T.O. No. 16-
35TSH37-5, and U. 8. Army Technical Manual, TM
11-5052: “Crystal Impedance Meter TS-537/TSM,”
U. S. Government Printing Office, Washington, D. C.
U. 8. Air Force Technical Order, T.0. No. 16-
35TS683-5, and U. S. Army Technical Manual (TM
11-2652 cancelled), or Radio Frequency Laboratories,
Inc., Instruction Rook: “Crystal Impedance Meter
TS-683/TSM,” 54 pp., December 10, 1951.

U. S. Air Force Technical Order, T.0. No. 16-
35TS710-( ), and U. S. Army Technical Manual:
“Crystal Impedance Meter TS-710/TSM,” U. 8. Gov-
ernment Printing Office, Washington, ). C., when
printed.

U. S. Army Signal Corps, Long Branch Signal Lab-
oratory, Circuit Section: “Fundamental Principles of
Crystal Oscillator Design,” 84 pp., 1945,

U. S. Army Technical Manual: “Quartz Crystals The-
ory, Fabrication and Performance Measurements,”
TM 11-2540, December 1950, U. 8. Government Print-
ing Office, Washington, . C., 130 pp.

3. Valasek, J.: “Infrared Absorption by Rochelle Salt

Crystals,” Phys. Rev., vol. 45, pp. 654—655, 1934.
Valasek, J.: “Note on the Piezoclectric Effect in Ro-
chelle Salt Crystals,” Science, vo). 65, pp. 235—230,
1927.

Valasek, J.: “Dielectric Anomalies in Rochelle Salt
Crystals,” Phys. Rev., vol. 24, pp. 560—568, 1924.
Valasek, J.: “Properties of Rochelle Salt Related to
the Piezoelectric Effect,” Phys. Rev., vol. 20, pp. 639—
664, 1922,

Valasek, J.: “Piezoelectric Activity of Rochelle Salt
Under Various Conditions,” Phys. Rev., vol. 19, pp.
478—491, 1922,

Valasek, J.: “Piczoelectricity and Allied Phenomena
in Rochelle Salt,” I’hys. Revr,, vol. 17, pp. 475—481,
1921,



789.

790.

791.

792.

793.

794.
795.

796.

797.

798.

799.

800.

802.

803.

804.

805.

806.

807.

808.

809,

812.

813,

814.

815,

van der Pol, B.: “The Nonlinear Theory of Electric
Oscillations,” Proe. I.R.E., vol. 22, pp. 1051—1086,
1934.

van der Pol, B, and M. J. O. Strutt: “On the Stability
of the Solutions of Mathieu’s Equation,” Phil. Mag.,
vol. 5, pp. 18—38, 1928.

van der Pol, B.: “On Relaxation Oscillations,” Phil.
Mayg., vol. 2, pp. 978—992, 1926.

van der Pol, B.: “On Oscillation Hysteresis in a Tri-
ode Generator with Two Degrees of Freedom,” Phil.
Mag., vol. 43, pp. 700--719, 1922

van der Ziel, A.: “On the Mixing Properties of Non-
linear Condensers,” J. Appl. Ph., vol. 19, pp. 999—
1006, 1948.

Van Dyke, K. S.: “The Standardization of Quartz
Crystal Units,” Proc. I.R.E., vol. 33, pp. 15—20, 1945.
Van Dyke, K. S.: “The Piezoelectric Quartz Resona-
tor,” A. Min., vol. 30, pp. 214—244, May-June 1945.
Van Dyke, K. S, and A. M. Thorndike: “The Three-
crystal Method of Quartz Resonator Measurement”
(abst.), Phys. Rev., vol. 57, p. 560, 1940.

Van Dyke, K. S.: “On the Right- and Left-handed-
ness of Quartz and Its Relation to Elastic and Other
Properties,” Proc. I.R.E., vol. 28, pp. 399—406, 1940.
Van Dyke, K. S.: “Vibration Modes of Low Decre-
ment for a Quartz Ring” (abst.), Phys. Rev., vol. 53,
p. 945, 1938.

Van Dyke, K. S.: “Some Unusual Demonstrations
with Piezoelectric Resonators” (abst.), Phys. Rev.,
vol. 53, p. 686, 1938.

Van Dyke, K. S.: “Note on a Peculiar Case of Frac-
ture of a Quartz Resonator,” A. Appl. Ph., vol. 8,
pp. 567—568, 1937.

Van Dyke, K. S.: “A Determination of Some of the
Properties of the Piezoelectric Quartz Resonator,”
Proc. I.R.E., vol. 23, pp. 386—392, 1935; Document
AG, No. 24, Comm. 1., U.R.S.I. Gen. Assem., 1934.
Van Dyke, K. S.: “Temperature Variation of Viscos-
ity and of the Piezoelectric Constant of Quartz”
(abst.), Phys. Rev., vol. 42, p. 587, 1932.

Van Dyke, K. S.: “The Electric Network Equivalent
of a Piezoelectric Resonator” (abst.), Phys. Rev., vol.
40, p. 1026, 1932,

Van Dyke, K. S.: “The Measurement of the Decre-
ment of Piezoelectric Resonators” (abst.), Proc.
I.R.E., vol. 18, p. 1989, 1930.

Van Dyke, K. S.: “The Piezoelectric Resonator and
Its Equivalent Network,” Proc. L.R.E., vol. 16, pp.
742—1764, 1928.

Van Dyke, K. S.: “Some Experiments with Vibrating
Quartz Spheres” (abst.), Proe. L.R.E., vol. 16, pp.
T06—707, 1928; Phys. Rev., vol. 31, pp. 1113, 1133,
1928 (absts.).

Van Dyke, K. S.: “The Use of the Cathode Ray Oscil-
lograph in the Study of Rescnance Phenomena in
Piezoclectric Crystais” (abst.), Phys. Rev., vol. 31, p.
303, 1928,

Van Dyke, K. S.: “The Electric Network Equivalent
of a Piezoelectric Resonator” (abst.), Phys. Rer., vol.
25, p. 895, 1925.

. van Slooten, J.: “Stability and Instability in Triode

Oscillators,” Philips Tech. Rev., vol. 7, pp. 40—45 and
171177, 1942,

van Slooten, J.: “The Stability of a Triode Oscillator
with Grid-Condenser and Leak,” W. E., vol. 16, pp.
16—19, 1939,

Van Vieck, J. H.: The Theory of Electric and Mag-
netic Suseeptibilities, Oxford, Clarendon Press, New
York, 1932, 384 pp.

Vaughan, W. C.: “Phase Shift Oscillator,” V. E., vol.
26, pp. 391—399, 1949,

Vazsonyi, A.: “A Generalization of Nyquist’s Stabil-
ity Criteria,” J. Appi. Ph., vol. 20, pp. 863—867, 1949.

WADC TR 56-156

816.

8117.
818.
819.

820.

821.

822.

823.

824.

826.

8217.

828.

829.

830.

831.

832.

833.

834.

835.

836.

831.

838.

Appendix 1
Bibliography

Vecchiacchi, F.: “Oscillations in the Circuit of a
Strongly Damped Triode,” Proc. I.R.E., vol. 19, pp.
856—872, 1931. .
Verman, L. C.: “Negative Circuit Constants,” Proe.
LR.E., vol. 19, pp. 676—681, 1931.

Vigness, I.: “Dilatations in Rochelle Salt,” Phys. Rev.,

'vol. 48, pp. 198—202, 1935.

Vigness, 1.: “Inverse Piezoelectric Properties of Ro-
chelle Salt,” Phys. Rev., vol. 46, pp. 265—257, 1934.
Vigoureux, J. E. P, and H. E. Stoakes: “All-electric
Clock,” Proc. Phys. Soc. (London), vol. 52, pp. 353—
357, 1940 (discussion pp. 357—358).

Vigoureux, J. E. P.: “Development of Formulas for
the Constants of the Equivalent Electrical Circuit of
a Quartz Resonator in Terms of Elastic and Piezo-
electric Constants,” Phil. Mag., vol. 6, pp. 1140—
1153, 1928.

Vigoureux, J. E. P.: “The Valve -maintained Quartz
Oscillator,” J.I.E.E. (London), vol. 68, pp. 265—295,
1930; discussion, pp. 867—872; Proc. Wireless Sec-
tion, I.LE.E., vol. 5, pp. 41—71, 1930; discussion, pp.
163—168.

Vigoureux, J. E. P.: Quartz Resonators and Oscilla-
tors, H. M. Stationary Office, Adastral House, Kings-
way, London, W. C. 2, 1931, 217 pp.

Vigoreux, J. E. P., and C. F. Booth: Quartz Vibrators
and Their Application, His Majesty’s Stationary
Office, Adastral House, Kingsway, London, W. C. 2.
Vigourcux, J. K. P.: Quartz Oscillators and Their
Applications, His Majesty’s Stationery Office, London,
1939, 131 pp.

Voigt, W.: Lehrbuck der Kristallphysik, B. G. Tub-
ner, Leipzig, 1st ed., 1910, 964 pp.; 2nd ed., 1928, 978
pp., identical with the first except for the addition of
an appendix on secondary effects in the flexure and
torsion of circular cylinders, based on refs. 583 and
576.

von Ardenne, M.: “Distortion of Saw-Tooth Wave
Forms,” Electronics, vol. 10, pp. 36—38, November
1937.

von Hippel, A., Breckenridge, R. G., Chesley, R. G.,
and L. Tiza, Ind. and Eng. Chem., vol. 38, p. 1097,
1946.

Wallace, R. L., and W. J. Pietenpol: “Some Proper-
ties and Applications of n-p-n Transistors,” Proc.
IL.R.E., vol. 39, pp. 753—767, 1951.

Waltz, W. W.: “Crystal Filter Design,” Radio Engi-
neering, vol. 16, pp. 7—10 (January), 14—17 (Febru-
ary), 16—17 (March), 12-—14 (April), 1936.
Warren, B. E., and H. M. Krutter: “X-ray Study of
Crystal Structure of Rochelle Salt and Effect of Tem-
perature” {abst.), Phys. Rev., vol. 43, p. 500, 1933.
Watanabe, Y.: “The Piezoelectric Resonator in High-
Frequency Oscillation Circuits,” Proc. I.R.E., vol. 18,
pp. 695—T717 and 862—893, 1930.

Watson, H. G. 1., and D. A. Keys: “A Piezoelectric
Method of Measuring the Pressure Variations in In-
ternal Combustion Engines,” Can. Jour. Research,
vol. 6, pp. 322—331, 1932,

Webb, H. W., and G. E. Becker: “Theory of the Multi-
vibrator,” J. Appl. I’h., vol. 15, pp. 825—834, 1044.
Webster, R. A.: “Piezoelectric Gauge and Amplifier”
(pile of 21 quartz plates, for pressures up to 30,000
1b./in.2), Jour. Franklin Inst., vol. 211, pp. 607—615,
1931.

Webster, R. A.: “Piezoelectric versus Mechanical
Spring Pressure Gauge,” Jour. Applied Phys., vol. 10,
pp. 890-—891, 1939.

Weinhart, H. W, and H. G. Weke: “Mectal Electrodes
Deposited on Quartz Crystals by the Evaporation
Process,” refer to book by Heising, R. A.: Quartz
Crustals for Electrical Cirenits, . Van Nostrand,
New York, pp. 333—355, 1946.



Appendix i
Bibliography

839.

840.
841.
842,
843.

844,

845.

846.
847.

848.

849,

861.

859.
860.

861.

862.

Wesleyan University: “Piezozlectric Crystal Studies
and Measurements,” Signal Corps Contract DA36-
039-s¢~—173, July 31, 1948.

Western Electric Co.: Quartz Crystal Units, General
Bulletin. .

Whale, H. A.: “Optimum Conditions for an R-C Oseil-
lator,” Electronics, vol. 21, p. 178, February 1948,
Wheeler, H. A.: “Formulas for the Skin Effect,” Proe.
I.R.E., vol. 30, pp. 412—424, 1942,

Wheeler, L. P.: “An Analysis of a Piezoelectric Oscil-
lator Circuit,” Proc. I.R.E., vol. 19, pp. 627646, 1931.
Wheeler, L. P, and W. E. Bower: “A New Type of
Standard Frequency Piezoelectric Oscillator,” Proc.
I.R.E., vol. 16, pp. 1035—1044, 1928.

Wheeler, M. S.: “Frequency Contours for Microwave
Oscillator with Resonant Load,” Proc. I.R.E., vol. 37,
pp. 133821336, 1949,

White, G. J.: “Crystal 1.LF. Coupling and Filters,”

.Proc. I.LR.E. Australia, vol. 1, pp. 50—56, 1938,

Whinnery, J. R.: “Skin Effect Charts and Formulas,”
Electronies, vol. 15, pp. 44—48, February 1942.
Wing, A. H.: “On the Theory of Tubes with Two
Control Grids,” Proc. IL.R.E., vol. 29, pp. 121—136,
1941.

Winlund, E. S.: “Electronic Heatirg in the Furniture
Industry,” Electronics, vol. 19, pp. 108--113, May 1946.

. Wiison, A. J. C.: “The Heat Capacity of Rochelle

- 866.

Salt Between ~—30° and +30°C,” Phys. Rev., vol. 54,

pp. 1103—1109, 1938.
Wilson, J. E.: “The Crystal Filter Treated as an
Impedance Bridge Circuit,” Communications, vol. 21,
pp. 18, 20, April 1941.

. Wilson, 1. G., Schramm, C. W,, and J. P. Kinzer:

“High-Q Resonant Cavities for Microwave Testing,”
Bell Syst. T. J., vol. 25, pp. 408——434, 1946.

. Willoner, G., and F. Tihelka: “A Phase-Shift Osecil-

lator with Wide-Range Tuning,” Proc. L.R.E., vol. 36,
pp. 1096—1100, 1948,

. Willis, E. S.: “Channel Crysial Filters for Broad-

band Carrier Systems,” Bell Labs. Record, vol. 17,
pp- 62-—65, 1938.

. Williams, A. L., and J. P. Arndt: “Crystal Micro-

phone Design for Single-direction Pickup,” Elec-
tronies, vol. 8, pp. 242—243, August 1935.

. Williams, A. L.: “Piezo-electric Loudspeakers and

Microphones,” Electronics, vol. 4, pp. 166—167, May
1932; see also Jour. Soc. Motion-picture Eng., vol. 25,
pp. 196f., 1934, and Proc. I.R.E., vol. 23, pp. 1420—
1421, 1935.

. Williams, E.: “A Valve Oscillator Theorem,” W. E.,

vol. 20, pp. 489—491, 1943.

. Williams, E. K., and A. W, Marsh: “Harmonic Mode

Crystals and Oscillator Circuits for the 40-50 Mc/s
Range,” T.R.E. Tech. Note No. 99, January 1951.
Williams, N. H.: “Modes of Vibration of Piezoelectric
Crystals,” Proc. I.R.E., vol. 21, pp. 990995, 1933.
Williams, S. R.: Magnetic Pihenomena, McGraw-Hill,
New York, 1931. .

Willard, G. W.: “Inspecting and Determining the Axis
Orientation of Quartz Crystals,” Bell Labs. Rec., vol.
22, pp. 320—326, 1944.

Willard, G. W.: “Raw Quartz, Its Imperfections and
Inspection,” Bell Syst. T. J., vol. 22, pp. 338—361,
1943; also printed in book by Heising, R. A.: Quartz

WADC TR 56-156

652

863.

864.

865.

867.
868.

869.

870.

871.
872.
873.

876.
8717.
878.

879.

880.

881.

882.

Crystals for Electrical Circuits, D. Van Nostrand,
New York, pp. 164—204, 1946.

Willard, G. W.: “Ultrasonic Absorption and Velocity
Measurements in Numerous Liquids,” Jour. Acous.
Soc. Am., vol. 12, pp. 438—449, 1941.

Willard, G. W.: “Use of the Etch Technique for De-
termining Orientation and Twinning in Quartz Crys-
tals,” Bell Syst. T. J., vol. 23, pp. 11—51, 1944; also
printed in book by Heising, R. A.: Quartz Crystals for
Electrical Circuits, D. Van Nostrand, New York, pp.
164—204, 1946.

Wood, A. B.: “The Piezoelectric QOscillograph,” Phil.
Mag., vol. 50, pp. 631—637, 1925.

Wood, A. B., Tomlinson, G. A,, and L. Essen: “The
Effect of the Fitzgerald-Lorentz Contraction on the
Frequency of Longitudinal Vibration of a Rod” (two
quartz oscillators, one stationary and one rotating),
Proc. Roy. Soc. (London) A, vol. 158, pp. 606—633,
1937.

Wood, H. O.: “On a Piezoelectric Accelerograph,”
Bull. Seismol. Soc. Am., vol. 11, pp. 15—57, 1§21.
Wood, R. G, and C. H. McCale: “Simple Apparatus
for Detecting the Pyroelectric Effect in Crystals,”
J. Sei. Instr., vol. 17, pp. 225—226, 1940.

Wood, R. W.: Supersonics, the Science of Inaudible
Sounds, Charles XK. Colver Lectures, 1937, Brown Uni-
versity, Providence, R. 1., 1939, 158 pp.

Woodyard, J. R.: “Application of the Auto-Synchro-
nized Oscillator to Frequency Demodulation,” Proc.
LR.E., vol. 25, pp. 610—619, 1937,

Wooster, W. A.: A Text-book on Crystal Physics, Cam-
bridge University Press, London, 1938, 295 pp.
Wright, J. W.: “The Piezoelectric Crystal Oscillator,”
Proc. L.R.E., vol. 17, pp. 127—142, 1929.

Wright, R. B, and D. M. Stuart: “Some Experimental
Studies of the Vibrations of Quartz Plates,” J. Res.
N.B.S., vol. 7, pp. 519—553, 1931.

. Wyckoff, R. W. G.: The Structure of Crystals, The

Chemical Catalogue Co., 1931..

. Wyckoff, R, W. G.: The Analytical Expression of the

Results of the Theory of Space-groups, Carnegie In-
stitute of Washington, 1922, 180 pp.; 2nd edition, 1930,
180 pp.

Wynn-Williams, C. E.: “A Piezoelectric Oscillograph,”
Phil. Mag., vol. 49, pp. 289-—313, 1925.

Young, C. H.: “A Precise Decade Oscillator,” Bell
Labs. Record, vol. 28, pp. 487—489, 1950.

Young, J. D., and H. M. Beck: “Design Equations
for Reactance Tube Circuits,” Proc. 1.R.E., vol. 31,
pp. 1078—1082, 1949.

Zacek, A., and V. Petrzilka: “Radial and Torsional
Vibrations of Annular Quartz Plates,” Phil. Mag.,
vol. 25, pp. 164—175, 1938.

Zacharias, J.: “The Temperature Dependence of
Young’s Modulus for Nickel,” Phys. Rev., vol. 44, pp.
116—122, 1933.

Ziegler, A. W.: “Channel Crystal Filters for Broad-
band Carrier Systems: Physical Features,” Bell Labs.
Record, vol. 117, pp. 66-—70, 1938.

Zeigler, A. W.: “Wire Mounts,” Patent 2,275,122,
issued March 3, 1942.

. Zeleny, A., and J. Valasek: “Variation of the Dielec-

tric Constant of Rochelle Salt Crystals with Fre-
quency and Applied Field Strength,” Phys. Rev., vol.
46, pp. 450—453, 1934,



884.

885.

886.

887.

. 888.

889.

890.

891.

892.

893.

894.

895.

896.

897.

898.

899.

900.

901.

902,

903.

Bagley, A., and D. Hartke: “Measurement of the
Carrier Frequency of RF Pulses,” paper presented at
4th Conference on High Frequency Measurement,
Washington, D. C., January 1955; also circular of
Hewlett-Packard Co.

Bagley, A., D. Hartke, and W. D. Myers: “Frequency
and Time Measurements with the New H-P High
Speed Counter,” Hewlett-Packard Jour., vol. 5,
March-April 1954.

Battersby, L. R., and E. A. Conover: “A Single Crys-
tal Multi-Channel Oscillator,” Technical Memoran-
dum No. M-1567, Signal Corps Project No. 1324,
March 1954.

Bechmann, R.,, and D. R. Hale: “Electronic Grade
Synthetic Quartz,” Brush Strokes (Brush Electron-
ics Co.), vol. 4, pp. 1—17, September 1955.

Bechmann, R.: “The Frequency-Temperature Be-
havior of Piezoelectric Resonators Made of Natural
and Synthetic Quartz,” I. R. E. Convention Record,
vol. 3, part 9 (Ultrasonics, Medical and Industrial
Electronics), pp. 56—61, 1955,

Bechmann, R.: “On Circuits for Piezoelectric Quartz
Oscillators and Resonators for Frequency Stabiliza-
tion and Filters,” Telefunken-Hansmitteilungen, No.
78, March 1938,

Dasher, B. J., et al: “Transistor Oscillators of Ex-
tended Frequency Range,” Reports on Department
of the Army Contract No. DA-36-039-5¢-42712, Geor-
gia Institute of Technology, State Engineering Ex-
periment Station, Atlanta, Ga., 1954,

Eberhard, E., and R. Endres: Descriptions of sev-
eral transistor oscillators using high-impedance crys-
tal units, U. S. Patent 2,5670,436.

Finden, H. J.: “Developments in Frequency Syn-
thesis,” paper presented at Conference on Migh Fre-
quency Measurements, Washington, D, C., 1953; also,
in revised form, Electronic Eng., May 1953,

Finden, H. J.: “The Frequency Synthesizer,” J.I.E.E.,
vol. 90, part I1I, 1943.

Gerber, E. A.: “A Review of Methods for Measuring
the Constants of Piezoelectric Vibrators,” Proe.
LR.E., vol. 41, pp. 1103—1112, September 1953.
Gerber, E. A.: “Quartz-Crystal Measurement at 10 to
180 Megacycles,” Proc. LR.E., vol. 40, pp. 36—40,
January 1952.

Gerber, E. A.: “Amplitude of Vibration in Piezoelec-
tric Crystals,” Electronics, vol. 24, pp. 142, 204—218,
April 1951, and p. 236, September 1951.

Gruen, H. E.: “Development of Packet Oscillator
Series,” Reports on U. S. Air Force Contract No.
AF 33(616)-2125, Armour Research Foundation of
Illinois Institute of Technology, 1954-55.

Hahnel, A.: ‘“A Multichannel Crystal Oscillator,”
L.R.E. Transactions on Vehicular Communications,
June 1955.

Hahnel, A.: “Phase Controlled Multichannel Oscilla-
tor,” Electronics, pp. 164-—165, April 1955,

Hahnel, A, and L. Battersby: “A Single Tube Spec-
trum Generator for High Order Harmonics,” Tech-
nical Memorandum No. M-1558, Signal Corps Project
No. 1324, January 1554,

Hahnel, A.: “A Multichannel UHF Crystal Oscilla-
tor,” Technical Memorandum No. M-1548, Signal
Corps Project No. 132A, December 1953.

Hahnel, A.: “Multichannel Crystal Control of VHF
and UHF Oscillators,” Proc. I. R. E., vol. 41, pp. 79—
81, January 1953.

Hale, D. R.: “The Properties of Synthetic Quartz
Crystals and their Growing Techniques,” Brush
Strokes (Brush Electronics Co.), vol. 1, pp. 1—6,
December 1952,

WADC TR 56-156

904,
905.

906.

907.
908.

909.
910.

911.

912.
913.
914.

915.

916.

917.
918.

919.
920.
921.
922.
923.

924.
925.

926.

921.
928.

Appendix I
Bibliography

Hale, D. R.: “The Laboratory Growing of Quartz,”
Science, vol. 107, pp. 393—394, 1948.

Hammond, D. L.: “Effects of Impurities on the Reso-
nator and Lattice Properties of Quartz,” paper pre-
sented at 9th annual Frequency Control Symposium,
Frequency Control Branch, Signal Corps Engineer-
ing Laboratories, Ft. Monmouth, N. J., May 1655.
Hok, G.: “Response of Linear Resonant Systems to
Excitation of a Frequency Varying Linearly with
Time,” Jour. Appl. Phys., vol. 19, no. 3, pp. 242—250,
1948.

James Knights Co.: Crystal Handbook, 1953.

Kerr, P. F,, and E. Armstrong, “Recorded Experi-
ments in the Production of Quartz,” Bull. Geol. Soc.
Am., vol. 54, suppl. 1, pp. 1—43, 1943.

Koerner, L. F.: “Progress in Development of Test
Oscillators for Crystal Units,” Proc. I. R. E., vol. 39,
pp. 16—26, January 1951,

Lauver, F. J. M.: “Crystal Resonators as Frequency
Substandards,” Prec. IEE (London), vol. 97, part
III, pp. 93—99, March 1950.

Lynch, A. C.: “Measurement of the Equivalent Elec-
trical Circuit of a FPiezoelectric Crystal,” Proc. Phys.
Soc. (London), vol. 63, sec. B, pp. 323—331, May
1950.

Mendoussee, J. S., P. D. Goodman, and W. G. Cady:
“A Capacitance Bridge for High Frequencies,” Rev.
Sci. Instr., vol. 21, pp. 1002—1009, December 1950.
National Bureau of Standards: ‘“High-Stability One-
Megacycie Frequency Standard,” NBS Tech. News
Bull., November 1954.

Prichard, A. C.,, and M. Bernstein: “Crystal Imped-
ance Meters Replace Test Sets,” Electronics, vol. 26,
pp. 176—180, May 1953.

Rosenthal, L. A., and T. A. Peterson, Jr.: “Measure-
ment of the Series Resonant Resistance of a Quartz
Crystal,” Rev. Sci. Instr., vol. 20, pp. 426—429, June
1949.

Rothange, C. H.,, and F. Hamburger: ‘“Measurement
of the Electrical Characteristics of Quartz Crystal
Units by Use of a Bridged T-Network,” Proc. I.R. E.,
vol, 38, pp. 1213-1216, October 1950.

Schure, A.: Crystal Oscillators, John F. Rider, New
York, 1955.

Srivastava, K. G.: “A New and Quick Method for
Detection of Piezoelectricity and Measurement of the
Piezoelectric Constants,” Indian Jour. Phys., vol. 25,
pp. 33—34, January 1951.

U. S. Air Force Technical Order, T. O. No. 12R2-
2ARC27-2, Radio Set AN/ARC-27.

U. 8. Ajr Force Technical Order, T. O. No. 12R2-
2ARC33-2, Radio Set AN/ARC-33.

U. 8. Air Force Technical Order, T. O. No. 12R5-
2ARN14-12, Radio Receiving Set AN/ARN-14.

U. S. Air Force Technical Order, T. 0. No. 31R2-
2GRC27-12, Radio Receiver R-278/GR.

Van Dyke, K. S., and E, C. Crume, Jr.: “Bibliogra-
phy of Piezoelectricity,” Reports on Department of
the Army Contract No. DA 36-039-sc-42587, Wes-
leyan University, 1953.

Venn, D. A.: “Measuring VHF Impedance of Piezo-
electric Crystals at Resonance,” Tel-Tech., pp. 44—46,
March 1950.

Walker, A. C.: “Hydrothermal Growth of Quartz
Crystals as Related to Phase Considerations,” Ind.
and Eng. Chem., vol. 46, pp. 1670-—1676, 1954.
Wolfskill, J. M.: Production techniques for etching
crystal blanks, U. S. Patent 2,481,806, 1949, and
U. S. Patent 2,364,501, 1944.

Wolfskill, J. M.: “Resonant Pin” erystal mount, U. 8.
Patent 2,240,453, 1941,

Woodward, G.: “A Precision Transistor Oscillator,”
Philco TechRep Div. Bull., vol. 3, pp. 12—13, March
1953.



Appendix Il

List of Manufacturers

APPENDIX I1l—LIST OF MANUFACTURERS

Manufacturers of crystals, crystal products, and crystal accessories are
listed alphabetically by company name followed by letter symbols repre-
senting the product or products available from stock, presently in manu-
facture, or capable of being produced within a reasonable time. The products
enumerated beside a firm name are those represented as being available
at the time of preparation of this handbook. In the first column are listed
the Standard Codes of Manufacturers’ Names.

The list represents a cross-section of the crystal industry; it is presented
for reference purposes only and is not intended as an exclusive directory
of recommended commercial sources. Manufacturers desiring to be included
in this list should contact Communicalions and Navigation Laboratory,
Attention WCLNE-1, Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio. A tabulation of the crystal products manufactured
and comments on their availability should be submitted, along with the
full company name and address.

Mfrs Mfrs
Code Manufacturer Product* Code Manufacturer Product*
Aeronautical Electronics, Inc. B, C Breon Laboratories A B, C
Raleigh-Durham Airport 1520 Evergreen Rd.
P.O. Box 6043 Williamsport, Pa.
Raleigh, N. C. . .
CBD Brush Electronics Co. A, BEF
CYA  Alden Products Co. G H 3405 Perkins Ave.
112 N. Main St. Cleveland 14, Ohio
Brockton 64, Mass. CBVZ Bulova Watch Co. B,C, H,1,J
CAS American Lava Corp. EG Quartz Crystal Div.
Chattanooga 5, Tenn. 62-10 Woodside Ave.
CAHZ Bassett, Rex, Inc. C Woodside, Long Island
1314 N.E. 17th Court Caribe Aircraft Radio Corp. 1
Fort Lauderdale, Fla. Coamo, Puerto Rico
CRR  Bendix Radio Div. I CBN  Centralab Div. of E, G
Bendix Aviation Corp. Globe-Union, Inc.
Baltimore 4, Md. 914Y E. Keefe Ave.
CQB  Bliley Electric Co. C,G1J Milwaukee 1, Wis.
Union Station Bldg. CMG Cinch Mfg. Co. H
Erie, Pa. 1026 S. Homan Ave.
Bodnar Industries, Inc. B Chicago 24, TIl.
19 Railroad Ave. CBQR Clark Crystal Co. B,C,D
New Rochelle, N. Y. - 2 Farm Road
Bram Chemical Co. A B,CD Marlboro, Mass.
820 65th Ave. CBPR Constantin, L. L., & Co. G

Philadelphia 26, Pa. Lodi, N. J.

A—CRYSTALS—RAW

*PRODUCT SYMBOLS

B~ CRYSTALS—UNFINISHED G—CRYSTAL HOLDERS
C—CRYSTAL UNITS--QUARTZ H—CRYSTAL SOCKETS
D—CRYSTAL UNITS—TGURMALIN I—CRYSTAL OVEN.
E—CRYSTAL TRANSDUCERS—BARIUM TITANATE J—PACKAGED OSCILLATORS
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Mfrs
Code

CBYB

Manufacturer

Cryco, Inc. C
1138 Mission St.
South Pasadena, Calif.

Crystals, Inc. C
Qdell, 111,

CJL Daltron Corp. C
5066 Santa Monica Blvd.
Los Angeles 29, Calif.

Diamond Drill Carbon Co. A
244 Madison Ave.
New York 16, N. Y.

Downing Crystal Co.
191 Shaffer Ave,
Westminster, Md.

DX Radio Products Co., Inc. C
2300 W. Armitage Ave.
Chicago 47, 111

CEB Eby, Hugh H., Inc. H
4700 Stenton Ave,
Philadelphia 40, Ps.

Edo Corp. EF
College Point, N. Y.

Eidson Electronic Co. B,C
1902 N. Third St.
Temple, Texas

Elco Corp. H
“M"” St. below Erie Ave.
Philadelphia 24, Pa.

Elgin National Watch Co. H
Electronics Division

2435 N. Naomi Street
Burbank, Calif.

Electrical Industries, Inc. G
44 Summer Ave.
Newark 4, N. J.

Electro-Voice, Inec. E, F
Buchanan, Mich.

Erie Resistor Corp. E
644 W. 12th St.
Erie, Pa.

DABS

CBEK

CBEF

CER

Product*

A,B,C1

Mfrs
Code

GWM

(030)

cG

CBGY

CACG

CAAN

CKZ

CEJ

*PRODUCT SYMBOLS

A—CRYSTALS-—RAW
B—CRYSTALS-UNFINISHED

TOURMALIN
E—CRYSTAL TRANSDUCERS—BARIUH TITANATE

WADC TR 56-156

635

'Appendix i
List of Manufacturers

Manufacturer Product*

Frequency Control Branch C
Components Department

Signal Corps Engineering Laboratories
Fort Monmouth, N. J.

General Ceramics & Steatite G
Corp.
Keasbey, N. J.

General Crystal Co. C
P.O. Box 9
Burlington, Wis.

General Electric Co. C
Semi-Conductor Section
Electrenics Park

Syracuse, N. Y,

Gombos Co., John, Inc. G
107 Montgomery Ave,
Irvington 11, N. J.

Gulton Mfg. Co. E
Metuchen, N. J.

Hermetic Seal Products Co. G
29-37 S. 6th St. .
Newark 7, N. J.

HEEMCO CILJ
(Hill Electronic Engineering

& Manufacturing Co.)
New Kingstown, Pa.

Hoffman Co., P. R. B,C
321 Cherry St.
Carlisle, Pa.

Hunt Corp., The B,C1I

453 Lincoln St.

Carlisle, Pa.

Hupp Electronics Co. C1I

(Formerly Standard Piezo Co.)

Carlisle, Pa.

Ingram Labs, Inc. C

Griffin, Ga.

International Crystal C,H1J
Mfg. Co.

181% N. Lee Ave.
Oklahoma, City 1, Okla.

Johnson Co., E. F. H
Waseca, Minn.

G—CRYSTAL HOLDERS

H—CRYSTAL SOCKETS

F—CRYSTAL TRANSDUCERS—ROCHELLE SALTS
1—CRYSTAL OVENS

J—PACKAGED OSCILLATORS
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Appendix 11l
List of Manufacturers

Mfrs
Code

CACK

CBSS

CADI

CAJR

CBVS

CLF

CBXK

CZX

CJA

Manufacturer

Kaar Engineering Co.
2995 Middlefield Rd.
P.O. Box 1320

Palo Alto, Calif.

Keystone Electronics Co.
114 Manhattan St.
Stamford, Conn.

King Laboratory, Inc.
2645 South Second West
Salt Lake City, Utah

Knights Co., James, The
131 S. Wells St.
Sandwich, Ill.

Lavoie Laboratories
Morganville, N. J.

Lewis Co., Inc. E. B.
11 Bragg St.
East Hartford 8, Conn.

Littelfuse, Inc.

4757 N. Ravenswood Ave.

Chicago 40, Ill.

L. & O. Research

& Development Corp.
134 North Wayne Ave,
Wayne, Pa.

Maryland Lava Co.
Bel Air, Md.

McCoy Electronics Co.
Chestnut & Watt Sts.
Mt. Holly Springs, Pa.

Meridian Laboratory
Lake Geneva, Wis.

Methode Mfg. Corp.
2021 W. Churchill St.
Chicago 47, Ill.

Midland Mfg. Co., Inc.
3155 Fiberglas Rd.
Kansas City 15, Kansas

Product*

C

A

B,C,GILJ

B,C

B,CI

Millen Mfg. Co., James, Inc. H

150 Exchange St.
Malden, Mass.

A- CRYSTALS.—RAW
B CRYSTALS«UNFINISHED
€-- CRYSTAL UNITS--QUAR

D-- CRYSTAL UNITS—TOURMAUN

Mfrs
Code

CKM

CZN

CGG

CNA

REN

CAlJ

CAMG

CBWN

*PRODUCT SYMBOLS

E  GRYSTAL TRANSDUCERS—BARIUM TITANATE
WADC TR 56-156
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Manufacturer

Miller Laboratories,
August E.

9226 Hudson Blvd.

North Bergen, N. J.

Monitor Products Co.
815 Fremont Ave.
South Pasadena, Calif.

Motorola, Inc.
4545 West August Blvd.
Chicago 51, Ill.

Murray American Corp.
15 Commerce St.
Chatham, N. J.

National Co., Inc,.
61 Sherman St.
Malden 48, Mass.

National Electronic Mfyg.

Corp.
186 Granite St.
Manchester, N. H.

Nebel Lab., R. E.
1624 E. 12th St.
Brooklyn 29, N. Y.

Product*
B,C,D,H,LJ

B,C,GLJ

A
HJ

G

B,C G

Northern Engineering Laboratories C

434 Wilmont Ave.
Burlington, Wisconsin

Pan American Trade
Development Corp.

2 Park Ave,

New York 16, N. Y.

Pan-Electronics Corp.
P.O. Box 584
Griffin, Ga.

Petersen Radio Co., Inc.
2800 W. Broadway
Council Bluffs, Iowa

Piezo Products Co.
Whitney St.
Sherborn, Mass.

A

B,C

C

Precision Crystal Laboratory B,C,I,J

22283 Warwick Ave.
Santa Monica, Calif.

F-ACRYSTAL TRANSDUCERS—ROCHELLE SALTS

CRYSTAL HOLDERS

ENS
J—-PACKAGED OSCILLATORS



Mfrs
Code

cL

CBPN

CRV

CUR

CADG

CBXR

CBZA

Manufacturer Product*
Precision Piezo Service B,C
427 Mayflower St.
Baton Rouge, La.
Premier Research B,C,D,G. T

Laboratories, Inc.
79-89 Seventh Ave.
New York 11, N. Y.

Radiation Counter I
Laboratories, Inc.

5121 W. Grove St.

Skokie, I1l.

Radio Corporation of C
America
Commercial Electronics Products

Camden 2, N. J.

Reeves-Hoffman Corp. B,C
Cherry and North Sts.

Carlisle, Pa.

Scientific Electronic
Labs., Inc.

866 Bergen St.

Newark 8, N. J.

Scientific Radio
Products, Inc.
215 S. Eleventh St.

Omaha 8, Neb.

B,C L/

Sealtron Co.
Reading Rd. at Amity
Cincinnati 15, Ohio

Sherold Crystals, Inc. C,D
1510 McGee St.

Kansas City 15, Kansas

Standard Crystal Co.
1714 Locust St.
Kansas City 8, Mo.

B,C1

Mfrs
Code

CSJ

CHS

CAYM

CAMU

CAND

cw

CBVJ

*PRODUCT SYMBOLS

A- CRYSTALS--RAW

B--CRYSTALS--UNFINISHED

¢ CRYSTAL UNITS—QUARTZ

D- CRYSTAL UNITS--TOURMALINE

F CRYSTAL TRANSDUCERS—-BARIUM TITANATE

WADC TR 56-156
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Product*
E, G

Manufacturer

Stupakoff Ceramic & Mfg. Co.
Latrobe, Pa.

Sylvania Electric H
Products, Inc,
12 Second Ave.

Warren, Pa.

Tedford Crystal Labs. C
4126 Colerain Ave.
Cincinnati 23, Ohio
United States Gasket Co. H
Fluorocarbon Products Div.
P.0O. Box 648

Camden, N. J.

Valpey Crystal Corp. B,C D, I
1244 Highland St.

Holliston, Mass.

V Precision Instrument Co. C
57-02 Hoffman Drive
Elmhurst, N. Y.

Western Electric Co.

Radio Div., Electronic
Products Sales Dept.

120 Broadway

New York 5, N. Y.

Wright Electronics Inc. B,CD, 1

1519 McGee St.

Kansas City 8, Mo.

X-tron Electronics
890 71st Ave.
Oakland 21, Calif.

Young Brothers Co. 1

1829 Columbus Rd.
Cleveland, Ohio

F—CRYSTAL TRANSDUCERS-- ROCHELLE SALTS

G- CRYSTAL HOLDERS

H-CRYSTAL SOCKETS
1--CRYSTAL OVENS

J—PACKAGED OSCILLATORS



Appendix 1V
Ordering Information—Specifications

APPENDIX IV—RELATED SPECIFICATIONS, STANDARDS, PUBLICATIONS,
AND DRAWINGS

ORDERING INFORMATION

D-1. Copies of specifications, standards, publica-
tions, and drawings required by contractors in
connection with specific procurement functions
should be obtained from the procurement agency
or as directed by the contracting officer.
D-2. The following may be obtained from the
Commanding General, Air Materiel Command,
Wright-Patterson Air Force Base, Dayton, Ohio:

a. U. S. Air Force Specifications and Drawings.

b. Federal Specifications.

c. Military Specifications and Standards.
D-3. The following may be obtained from the
Commanding Officer, Signal Corps Procurement
Agency, 2800 South 20th Street, Philadelphia 45,
Pennsylvania:

a. U. S. Army Specifications.

b. National Military Establishment and Joint
Army-Navy Specifications.

c. Signal Corps Drawings and Marking In-
structions.

D-4. The following may be obtained from the
Bureau of Supplies and Accounts, Navy Depart-
ment, Washington 25, D. C. (activities of the
Armed Forces should make application to the
Commanding Officer, Naval Supply Center, Nor-
folk 11, Va.):

a. Navy Department Specifications.
b. Federal Specifications.
¢. Military Specifications.
D-5. The following may be obtained from the

Superintendent of Documents, Government Print-
ing Office, Washington 25, D. C.:

a. Department of Commerce Publications.

b. Federal Specifications.
D-6. Both the title and identifying number or sym-
bol should be stipulated when requesting copies

of specifications, standards, publications, and
drawings.

SPECIFICATIONS

U. S. AIR FORCE

Preservation and Packaging
Parts and Equipment (General
Specification for) (Note: This is
an Air Force-Navy Aeronautical
specification applicable only to
Air Force purchases).

AN-P-13

Marking of Interior Packages
(for Communications
Equipment).

AIR FORCE-NAVY AERONAUTICAL

40985

AN-P-34 Plating Nickel.
FEDERAL
NN-B-601 Boxes, Wood-Cleated Plywood,

for Domestic Shipment.

WADC TR 56-156

NN-B-621 Boxes, Wood, Nailed and

Lock-Corner.

QQ-A-318 Aluminum-Alloy (AL-52)
(Aluminum-Magnesium-
Chromium) ; Plate and Sheet.

QQ-B-611 Brass, Commercial; Bars, Plates,
Rods, Shapes, Sheets, and Strips.

QQ-B-746 Bronze, Phosphor; Bars, Plates,
Rods, Shapes, Sheets, and Strips.

QQ-M-151 Metals; General Specification for
Inspection of.

QQ-N-321 Nickel-Silver (German Silver) ;

Bars, Plates, Rods, Shapes,
Sheets, and Strips.



QQ-S-5T1

QQ-S-636

QQ-S-763

LLL-B-631

LLL-B-636

MIL-C-16B

MIL-C-239B
MIL-C-3098B

MIL-C-10405
(Sig C)

MIL-H-10056B
MIL-L-10547
MIL-P-14

MIL-P-116

MIL-R-3065

MIL-T-945A

JAN-C-173

JAN-P-13

JAN-P-14

WADC TR 56-156

Solder; Soft (Tin, Tin-Lead, and
Lead-Silver).

Steel; Carbon (Low Carbon),
Sheets and Strips.

Steel, Corrosion-Resisting; Bars
and Forging (Except for
Re-forging).

Boxes; Fiber Corrugated (for
Domestic Shipment).

Boxes; Fiber, Solid (for
Domestic Shipment).

MILITARY

Crystal Unit, Quartz
(CR-1A/AR, Pressure,
Mounted).

Crystal Unit, Quartz (CR-5/U).
Crystal Units, Quartz.

Crystal Units, Quartz, Pressure
and Spacer Mounted.

Holders, Crystal.
Liners, Case, Waterproof.

Plastic-Materials, Molding, and
Plastic Parts, Molded;
Thermosetting.

Packaging and Packing for
Overseas Shipment—
Preservation, Methods of.

Rubber and Synthetic Rubber
Compounds, General Purpose
(Except Tires, Inner-Tubes,
Sponge Rubber, and Hard
Rubber).

Test-Equipment, for Use with
Electronic Equipment: General
Specification.

Coating Materials, Moisture- and
Fungus-Resistant, for the
Treatment of Communications,
Electronic, and Associated
Electrical Equipment.

Plastic-Materials, Laminated,
Thermosetting; Sheets and
Plates.

Plastic-Materials, Molded,
Thermosetting.

Appendix IV

Ordering Information—Specifications

JAN-P-105

JAN-P-106

JAN-P-108

JAN-P-120

JAN-P-125

JAN-P-133

JAN-P-139

JAN-P-140

JAN-S-28A

T72-53

72-119-A
94-40645

100-2

SIGNAL
726-15

Packaging and Packing for
Overseas Shipment—Boxes;
Wood, Cleated, Plywood.

Packaging and Packing for
Overseas Shipment—Boxes;
Wood, Nailed.

Packaging and Packing for
Overseas Shipment—Boxes,
Fiberboard (V-Board and
W-Board), Exterior and Interior.

Packaging and Packing for
Overseas Shipment—Cartons,
Folding, Paperboard.

Packaging and Packing for
Overseas Shipment—Barrier
Materials, Waterproof, Flexible.

Packaging and Packing for
Overseas Shipment—Boxes,
Set-up, Paperboard.

Packaging and Packing for
Overseas Shipment—Plywood,
Container Grade.

Packaging and Packing for
Overseas Shipment—Adhesives,
Water-Resistant, Case-Liner.

Sockets, Electron Tube, an

Accessories. :
U. S. ARMY

Finishes (For Ground Signal

Equipments).

Holders for Quartz Crystals.

Marking; Exterior, Domestic
and Export Shipments by
Contractors.

Standard Specification for
Marking Shipments by
Contractors.

CORPS INSTRUCTIONS

Marking of Interior Containers
(For Signal Corps Equipment).

NAVY

General Specification for Inspection of Material
(applicable only to Navy purchases).

22W13
46N7

Wire, Steel, Corrosion-Resisting.

Nickel-Copper-Silicon-Alloy :
Castings.




Appendix IV

Standards—Publications

STANDARDS

MILITARY

(Military Standards for individual Crystal Units
and for drive adjustment procedures for the stand-

ard crystal impedance meters are contained in MIL-STD-129 Marking of Shipments.
Military Specification MIL-C-3098B.) JAN-STD-15 Electrical and Electronic
Symbols.
PUBLICATIONS
U.S. AIR FORCE NAVY
HB-16F-1 Gentile AF Depot—Crystal NAVSHIPS Manufacturer’s Designating
Handbook for Equipments 900,152 Symbols.
FT-164 Crystal Holder (Unit). .
Navy Shipment Marking Handbook.
HB-16F-2 Gentile AF Depot—Crystal
Handbook for Equipments Using DEPARTMENT OF COMMERCE
AR-3 Crystal Holder (Unit). National Bureau Screw-Thread Standards for
_ of Standards Federal Services.
HB-16F-3 Gentile AF Depot—Crystal Handbook H28
Handbook for Equipments Using
FT-243 Crystal Holder (Unit). AMERICAN IRON AND STEEL INSTITUTE
Steel Products Manual (Stainless and Heat-Resist-
S-16-F USAF Supply Catalog, Class ing Steels).tt
16-F, Code 2100, Radio Crystals.
+ girect lreq\ée_sts lforcthis p\g)lic.ation' to: Eoinomatr;di_ng
y e aborator
SIGNAL CORPS SCCSCL-PMM -8, Fort Monmouth, N. 3. o o oree
Project 4422Dt Crystal Data Sheets (technical

requirements for fabrication of
crystal units contained in various
equipments).

WADC TR 56-156
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MIL-STD-105
for Inspection by Attributes.

+1 Direct requests for this publication to: American Iron
Steel Institute, 350 Fifth Avenue, New York 1,

and
New York.

Sampling Procedures and Tables



52B13216

SC-A-200

SC-D-247

SC-D-5213

SC-D-6306
SC-D-7627

SC-D-9553

SC-D-14444

SC-D-14445

DRAWINGS

U. S. AIR FORCE SC:D-17816
Crystal Holder HC-( )/U, ,
Assembly (Crystal Holders SC-D-17499
HC-11/U and HC-12/U).

SIGNAL CORPS SC-D-20032
Crystal Holder FT-164.
Crystal Holder FT-249, Outline SC-D-20085
Dimensions and Marking

Information. SC.D-20036

i 201

Crystal Holder FT-171-B,

Drawing List.

Crystal Holder FT-243. SC-D-20724
Crystal Units DC-34 and DC-35,
Outline Dimensions. SC-D-20877
Crystal Holder FT-241-A,
Critical Dimensions. SC-D-22892
Standard Oscillator

TS-39/TSM-1, Circuit Diagram. SC-D-25222
Standard Oscillator

TS-39/TSM-1, Calibration and SC-D-26189

Operation.

WADC TR 56-156
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Appendix IV
Drawings

Crystal Impedance Meter
TS-330/TSM, Circuit Diagram.

Crystal Holder FT-243, Marking
for Standard Units.

Crystal Holder HC-4/U,
Assembly, ’

Crystal Holder HC-3/U,
Assembly.

Crystal Holder HC-2/U,
Assembly.

Crystal Holder HC-5/U,
Assembly.

Crystal Holder HC-1/U,
Assembly.

Crystal Holder FT-171-B,
Assembly.

Crystal Impedance Meter
TS-537/TSM, Circuit Diagram.

Crystal Holder FT-249, Case
Assembly.
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Abbreviations

APPENDIX V—DEFINITIONS OF ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS
..alternating current ma milliampere (s)
...ammonium dihydrogen phosphate AKX, maximum
automatic frequency control megacycle(s)

AGC .. automatic gain control
amp....o ampere (s)
approx .approximately

...American Wire Gauge
beat-frequency oscillator
....centigrade

....calorie (s)

....capacitance

cubic centimeter(s)
crystal frequency indicator
crystal impedance (meter)
....centimeter(s)

Company

....continued

....cosine

cotangent

cycles per second
...center to center
continuous wave
..decibels

direct current

...degrees

diameter

dipotassium tartrate
..ethylene diamine tartrate
_.effective

electromotive force

...et cetera

Fahrenheit

farad(s)
g figure
freq.. ...frequency
ft . ..foot (feet)
gm. -gram (s)
gnd... o, ground
ho ..henry(s)

hf (h-f). ..high frequency

if (G-f) o intermediate frequency
Meoinch (es)

ins ..insulat (ion) (ed)

_.Institute of Radio Engineers

Kelvin
KCooooo kilocycle (s)
|« YO pound (s)
If (-f)...........Jow frequency
- . long, length
1% W microampere (s)

WADC TR 56-156
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mf (m-f). ... medium frequency

) 41Y SO manufacturer

Mil ...Military

MR minimum, minute(s)

MM millimeter (s)

..micromicrofarad (s)
mbg. . mounting

MW milliwatt (s)

NA e not applicable

nat natural

NL. e not listed

¢ 1o OO number (s)

0scC oscillator

(5 ounce(s)

PE. . ...paper, enamel (wire insulation per
JAN-W-583)
performance index

-plate(d)
..parts per million
..pair(s)
quantity
receiver

ref .. ..reference

rf (r-f). .radio frequency

ms.... .root mean square

RTMA. . ...Radio and Television
Manufacturer’s Association

S€C...oiereen second (s)

/sec ...per second

SiM.i sine

spec.....

societe mineralogique de France

..specification (s)
.square

standard
tangent

.temperature
term.... ... terminal
thd.... ....thread (ed)
T.O.... . (Air Force) Technical Order

vhf (v-h-f) ...

vif (v-I-f).

.United States Air Force

volt (s)
very high frequency
very low frequency

..with

transmitter

...crystal
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Appendix V
Symbols

Definitions are given for all usages of symbols appearing
in this manual. For each usage, the first paragraph wherein
the symbol appears is listed. For a complete definition, in
most instances, it is necessary to examine the symbol in
context by referring to the cited paragraph.

Symbol Paragraph
A {1) quartz element 1-90
(2) effective electrode area 1-191
(3) constant-transconductance mode of vacuum-
tube operation 1-273
(4) cross-sectional area 4-32
(5) area of radiating surface 4-35
AB mode of vacuum-tube operation where control
grid is biased on bend of E., curve between
cutoff point and constant-g,, region............ 1-273
AC e quartz cut 1-23
AT quartz cut 1-23
a proportionality constant relating load resist-
ance to the effective input resistance of trans-
former-coupled oscillator 1-395
T (1) empirical proportionality constant for length
harmonic in quartz thickness-shear frequency
equation 1-81
(2) empirical proportionality constant for width
harmonic in quartz face-shear frequency mode 1-82
F: VO empirical proportionality constant for width
harmonic in quartz thickness-shear frequency
. equation ..o 1-31
) - S (1) quartz element ... . 1-90
(2) cutoff-bias mode of vacuum-tube operation...... 1-273
BC.. o quartz cut 1-23
BT quartz cut .o 1-23
L ORI (1) Carbon ... 1-29
(2) quartz element 1-90
(3) motional-arm (or series-arm) capacitance of
crystal equivalent circuit 1-183
{4) greater-than-cutoff-bias mode of vacuum-tube
operation 1-273
(5) heat capacity of thermofilter. ... ... 4-58
Ca air-gap capacitance between crystal and elec-
trode . 1-183
Cy blocking eapacitor ... 1-220
[ O adjustable capacitance, connected as one arm
of capacitance-bridge circuit in series with
crystal unit; used to balance bridge at off-
resonance frequency when crystal unit ap-
pears as a capacitance, so that bridge is only
unbalanced near resonance of crystal .. ... . 1-865
[ O heat capacity of crystal in crystal-oven circuit 4-58
O heat capacity of crystal holder in crystal-oven
circuit ... . 4-58

WADC TR 56-156
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Symbols

Symbol Paragraph

Co (1) total distributed capacitance across leads and
terminals of crystal unit.... ... ... ... 1-201

(2) dynamic positive capacitance effectively in

series with vacuum-tube plate-to-cathode ca-

pacitance ... 1-289
(3) Cadmium . . . . Sect. 111
Cooere oo electrostatic capac1tance across quartz plate
’ dielectric ... . 1-183
Croeoeee. (1) total effective grid-to-cathode capacitance of
vacuum-tube circuit 1-278
(2) suppressor grid-to-ground capacitance of
transitron crystal-oscillator circuit.. ... ... 1-425
Cloe cequivalent grid-circuit capacitance when grid

impedance is represented as equivalent resist-
ance in series with equivalent capacitive re-

actance . 1-298
Crtetene grid-to-cathode capacitance of first vacuum

tube in two-tube crystal-oscillator circuit....... 1-383
Crvteooemeeeeeeee grid-to-cathode capacitance of second vacuum

tube in two-tube crystal-oscillator circuit......... 1-383
Cutoeeee . input - capacitance of first tube in two-tube

parallel-resonant crystal oscillator .. 1-345
Crgrooeriereen . @Xcitation-grid-to-sereen-grid capac1tance of

vacuum tube ... 1-322
Cezooecceee.. input. capacitance of second tube in two—tube

parallel-resonant crystal oscillator ... .. 1-345
Cltooeeee heat capacity of crystal-oven heater and adja-

cent thermal distributing layers . 4-58
Cutoer.sim of heat capacities of heater and thermo—

stat in crystal oven (Cy; +Cp) oo 4-B9
Cireeeeveen.distributed capacitance of crystal unit be-

tween crystal holder and one electrode-ter-

minal side of crystal (capacitance on side of

crystal opposite to C;;.) 1-183
Cizoooernecvdistributed  capacitance of crystal unit be-

tween crystal holder and one electrode-ter-

minal side of crystal (capacitance on side of

crystal opposite to C,,,) ... 1-183
Cuoooeeedistributed cathode-to-ground capacitance in

modified grounded-grid oscillator............... 1-419
Gl distributed capacitance of leads and terminals

of crystal unit 1-182
L (1) dynamic negative plate-to-cathode capac1tance

effectively introduced by vacuum tube in

Pierce crystal oscillator........oooo 1-278

(2) capacitance in impedance-inverting network
of impedance-inverting crystal oscillator equal
to electrostatic shunt capacitance of crystal

unit 1-426
[ O heat capacity of crystal-oven walls... ... 4-58
Cooooeeeeee total electrostatic shunt capacitance of crys-

tal-unit equivalent circuit. - 1-184
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(eff) Core effective electrostatic shunt capacitance of
crystal unit (equal to C, plus any circuit ca-
pacitance directly shunted across unit ter-
minals) 1-230

& total effective electrostatic plate-to-cathode
capacitance of vacuum-tube plate circuit ... 1-278

L O, total effective plate-to-cathode capacitance of
generalized oscillator taking into account
dynamic effects of vacuum tube.... N 1-278

Ol _plate-to-cathode capacitance of vacuum—tube
circuit 1-278

Cooorromememsire, plate-to-grid capacitance of vacuum-tube cir-
cuit; normally represents only stray capaci-
tance ... 1-278

[ O (1) total capacitance (C, + C,) shunting series
arm of generalized crystal-oscillator circuit..... 1-211

(2) total capacitance of capacitance—bridge oscil-

lator circuit 1-365
(8) effective heat capacity of thermostat in crys-
tal oven ... 4-58
[ O external capacitance directly shunting crystal
unit; considered as circuit variable. ... 1-230
O equivalent load capacitance shunting parallel-
mode crystal unit 1-211
L O3 component of load capacitance of crystal unit

in Miller oscillator due to inductive plate cir-
cuit (applicable when effect of grid-circuit
losses on frequency can be considered negli-

gible) 1-332
va’ ................................... component of load capacitance of crystal unit
in Miller oscillator due to inductive plate cir-
. cuit 1-332
O quartz cut 1-23
L O equivalent series-arm capacitance of desired-
frequency mode of crystal unit... e 1-188
C,, C,, etea......... capacitances in schematic dlagram e 12220
C: GCsyoe o G equivalent series-arm capacitance of un-
wanted-frequency modes of crystal unit ... 1-183
CeH  N.O¢.coooc......... ethylene diamine tartrate 1-36
c stiffness factor 1-78
Do (1) quartz element 1-90

(2) Q degradation of crystal unit; equal to ratjo
of total effective resistance into which crystal
must operate to crystal resonance resistance

%\ 1-396
(8) number of discriminators in synthesizer cir-
cuit 1-456
(4) diameter 4-18
D, D,, D;, D, ,....plate-stabilized modes of vacuum-tube opera-
tion 1-298
DT quartz cut 1-23
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[+ (1) distance between parallel atomic planes.... .. 1-127
(2) diameter of pin or wire 1-158
(3) differential sign 1-203
(4) piezoelectric constant giving ratio of strain to
field 1-248
(5) linear displacement of bimetallic sensing ele-
ment : 4-18
E quartz element 1-90
E, d-c plate voltage of vacuum tube ... ... ... 1-288
B (1) d-c bias voltage of excitation grid of vacuum
tube 1-293
(2) rms r-f voltage across crystal unit ... .. 1-312
E. cut-off voltage of vacuum tube. ... 1-312
) O rms r-f voltage across crystal unit in capaci-
tance-bridge oscillator circuit. ... ... 1-365
) O d-c bias voltage of excitation grid of first
vacuum tube in two-tube crystal-oscillator
circuit 1-378
Eepoe {1) d-c voltage of screen grid 1-298
(2) d-c bias voltage of excitation grid of second
vacuum tube in two-tube crystal oscillator.... 1-378
E, grid-to-cathode excitation voltage (rms) of
vacuum tube 1-233
E, peak amplitude of vacuum-tube excitation
' voltage 1-296
| DT grid-to-cathode excitation voltage (rms) of
first vacuum tube in two-tube crystal-oscilla-
tor circuit 1-345
| S (1) grid-to-cathode excitation voltage (rms) of
second vacuum tube in two-tube crystal-oscil-
lator circuit 1-345
(2) screen-grid rms voltage of vacuum tube. ... 1-425
E,a suppressor-grid rms voltage of vacuum tube 1-425
E, harmonic plate voltage of vacuum tube.......... 1-322
B rms voltage across load resistor in trans-
former-coupled oscillator 1-393
Eg (1) rms voltage across equivalent parallel-reso-
nant crystal-oscillator circuit (same as r-f
voltage, E., across crystal unit) ... ... 1-232
(2) rms voltage output from oscillator circuit..... 1-342
(3) rms voltage across center leg of bridge in
Meacham-bridge oscillator 1-358
| O, r-f plate voltage (rms) of vacuum tube. . . 1-233
| maximum value of a-¢ component of vacuum-
tube plate voltage 1-312
| O ST r-f plate voltage (rms) of first vacuum tube
in two-tube crystal-oscillator circuit.......... . 1-345
E,. r-f plate voltage (rms) of second vacuum tube
in two-tube crystal-oscillator circuit.......... 1-345
) 0 S — rms voltage across crystal unit (or equivalent
resonance resistance in CI meter) ... ... 1-436°
E, rms voltage across secondary of plate trans-
former 1-358
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) DN mechanical vibrational energy of crystal._... 1-249
B rms voltage across thermistor in bridge cir-

cuit of Meacham-bridge oscillator. ... 1-358
ET o quartz cut ... 1-23
B emissSiVity o 4-35
€ instantaneous value of vacuum-tube plate
voltage .. 1-312
€ e instantaneous value of vacuum-tube grid volt-
BEE ettt . 1-312
[ instantaneous harmonic voltage across
vacuum-tube plate tank circuit . .. e 1-322
€y nneen e sasnen instantaneous value of a-c component of
vacuum-tube plate voltage ... ... .. 1-312
Fo quartz element ... 1-90
F, frequency-stability factor for parallel-mode
crystal-oscillator circuit; equal to rate of
change in crystal-unit reactance per fractional
change in frequency .. 1-243
F oo frequency-stability factor for serxes-mode
crystal-oscillator circuit; equal to rate of
change in crystal-unit reactance per fractional
change in frequency ... 1-240
Fx. ..coefficient of frequency stability; equal to
percentage change in reactance of stabilizing
element per percentage change in frequency 1-227
Fxporiosen Srequency-stability coefficient; equal to per-
centage rate of change in overall effective
reactance (X,) of erystal unit for a percentage
change in frequency; a measure of the stabil-
izing effect of crystal unit against percentage
change in reactance of load capacitance, C,.... 1-243
| S frequency-stability coefficient: equal to per-
centage rate of change in series-arm react-
ance - (X,) of crystal unit for a percentage
change in frequency; a measure of the stabil-
izing effect of crystal unit against percentage
change in reactance of total effective shunt
capacitance, Cy ... e s 1-243
FT. . quartz cut 1-23
R (1) frequency ... 1-78
(2) farad ... 1-188
(3) nominal frequency at which crystal umt is
assumed to operate .. 1-208
(4) fundamental frequency of crystal-oven tem-
perature cycles 4-60
f. antiresonant frequency of crystal unit ... 1-204
f fundamental frequency of first crystal oscil-
lator in synthesizer circuit 1-455
fa frequency of discriminator in synthesxzer
circuit . v 1-455
) SO, frequency of force actmg on osc1llator 1-265
fu... ...highest frequency ... 1-248
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fa any particular harmonic of fundamental
crystal-oscillator frequency passed by har-
monic selector in synthesizer circuit .. ... 1-455
fL lowest frequency 1-248
§ SR (1) frequency of oscillator 1-265
(2) frequency of variable oscillator in synthesizer
circuit 1-455
;S parallel-resonant frequency of equivalent
crystal-oscillator circuit 1-210
ST operating parallel-resonant frequency of first
crystal unit . 1-317
fie operating parallel-resonant frequency of sec-
ond crystal unit ... 1-317
 { resonant frequency of crystal unit .. . 1-204
S frequency at which an external reactance, X,,
is series-resonant with the equivalent react-
ance, X,, of a crystal unit 1-217
f series-resonant frequency of series arm ... 1-203
fee.output frequency of second crystal oscillator
in synthesizer circuit 1-455
F, F,etec....... dominant frequencies in various parts of
frequency-control circuits as indicated in
schematic diagrams . 1-319
G quartz element 1-90
G, Gy, eteo voltage gains of coupling stages around oscil-
lator loop 1-267
A voltage gain of the first part of G,, which in

turn is the overall gain of a coupling stage that

can be subdivided into two or more steps of

gains Gy, Gy, ete. e 1-378
L voltage gain of the second part of G,, which

in turn is the overall gain of a coupling stage

that can be subdivided into two or more steps

of gains G/, G/, etc.. 1-378
GT..oooooecquartz cut - 1-23
Eieoeerrersrmemenee. transconductance of vacuum tube ........................... 1-273
Zonteooorerorsm e transconductance of first vacuum tube in two-

tube crystal-oscillator circuit .. 1-348
- transconductance of second tube in two—tube

crystal-oscillator circuit 1-348
Hoo ..(1) Hydrogen . ... .. .. . 1-29

(2) quartz element .. et 1-90
(8) erystal holder . ... 1-183
(4) number of first-crystal-oscillator harmonics

utilized in synthesizer circuit ... 1-456

..rate of absorption of radiant heat ... 4-40

...peak a-c thermal current through thermofilter 4-58
average value of d-c plate current of vacuum

tube 1-277
) P maximum d-c value of vacuum-tube plate cur-

rent (plate current at peak of positive excita-

tion alternation) . 1-312
) R average value of d-c plate current of ﬁrst vac-

uum tube in two-tube crystal-oscillator circuit 1-378
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average value of d-c¢ plate current of second

vacuum tube in two-tube crystal-oscillator
circuit
total r-f current through crystal unit (rms)..
average d-c vacuum-tube grid current ... ...
r-f collector current in transistor oscillator ...
a-c current through electrostatic shunt capaci-
tance of crystal unit
r-f emitter current in transistor oscillator ...

instantaneous calorie output per second of

crystal-oven heater when operating (equiv-
alent to wattage of heater)
r-f grid current (rms) of vacuum tube ...

peak amplitude of r-f current ... ...

..reactive component of rms grid current due to

grid-to-cathode capacitance of vacuum tube..

) R that part of r-f plate current of second tube

that is fed back to grid of first tube in two-
tube parallel-resonant crystal oscillator ...
that part of r-f plate current of first tube that

is fed to grid of second tube in two-tube paral-
lel-resonant crystal oseillator ...,
thermal current
average rate of heat leakage to the outside in
crystal-oven heater (equal to average power
consumption of oven)
apparent maximum a-c component of vacuum-
tube plate current ..

average net rate of heat supplied to crystal
oven during initial heating period ..
portion of total r-f current through crystal

unit that flows through electrostatic shunt
capacitance e,
a-c component of vacuum-tube plate current

(rms)
maximum (peak) amplitude of a-c component
of vacuum-tube plate current ..

) P TS a-c component of plate current of ﬁrst vacuum

(1)
@

tube in two-tube crystal-oscillator circuit.......

..a~c component of plate current of second

vacuum tube in twco-tube crystal-oscillator
circuit .

_total heat radlated per second .......................................

equivalent r-f current through series arm.......
portion of total rms plate current flowing
through inductance of secondary in plate
transformer of capacitance-bridge oscillator
portion of total rms plate current flowing

WADC TR 56-156

through the effective electrostatic plate-to-
cathode capacitance of capacitance-bridge
oscillator circuit

... portion of total rms plate current flowing

through center leg of bridge circuit in capaci-
tance-bridge oscillator ...

669

1-378
1-232
1-296
1-540
1-300
1-540

4-58
1-233
1-293

1-383
1-345

1-345
4-32
4-58
1-312

4-71

1-394
1-270
1-312

1-377

1-377
4-35
1-249

1-366

1-367

1-366
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| (1) rms current through thermistor in bridge
circuit in Meacham-bridge oscillator ... . 1-360

(2) portion of total rms plate current flowing
through plate-to-grid leg of bridge circuit in

capacitance-bridge oscillator ... 1-366
i measure of imbalance in Meacham-bridge
oscillator 1-359
iy instantaneous value of total vacuum-tube d-c
plate current 1-312
i, instantaneous value of a-c component of
vacuum-tube plate current ... ... ... 1-312
B R quartz element oot 1-90
J complex-number operator; equal to /=1 ... 1-281
I, J. et jacks in schematic diagrams ... 1-436
Ko (1) Potassium 1-29
(2) thermal conductivity 4-32
K.C,H,0,-14H,0. dipotassium tartrate . 1-38
S (1) frequency constant . ... ., 1-79
(2) electromechanical coupling factor ... 1-227
(3) gain of vacuum tube; equal to ratio of r-f plate
voltage to r-f grid voltage 1-233

(4) ratio of grid-leak resistance to minimum per-

missible performance index of Military Stand-

ard crystal unit .. 1-300
(5) proportionality constant relating value of

fixed resistance in Meacham bridge to crystal

resistance ... 1-358
(6) coefficient of transformer coupling ... . 1-393
(7) temperature coefticient of thermostat deflec-

tion in parts per degree centigrade, equal to

Kay Kiy OF Ko oo 4-18
kn, maximum practical ratio of grid-leak resist-
ance to minimum performance index of Mili-
tary Standard crystal unit ... 1-300
k,.. frequency constant for length- or width-
extensional mode 1-79
k. frequency constant for thickness-extensional
IO oot sseacs s e esseesa s 1-80
S frequency constant for thickness-shear mode 1-81
Ky frequency constant for face-shear mode of
square plates ... 1-82
k) .. frequency constant for face-shear mode ... 1-82
ks ) frequency constant for length-width-flexural
mode 1-83
ke frequency constant for length-thickness-flex- '
ural mode 1-84
Lo (1) motional-arm (or series-arm) inductance of
crystal-unit equivalent circuit ... ... 1-183
(2) length of thermal conductor 4-32
L, inductance of plate transformer in modified
grounded-grid oscillator 1-419
Lycecathode-to-ground  inductance in modified
grounded-grid oscillator 1-419
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Symbol
Licenequivalent, or effective, inductance of crystal
unit when unit is viewed as an equivalent re-
sistance and reactance in series . ) .
Ly... ..suppressor-grid circuit tank mductance in
transitron crystal-oscillator circuit ...
| ...cathode-to-ground inductance in modified
grounded-grid oscillator ..
L. ..distributed inductance of Ieads and termmals
of erystal unit ... .
Lo ...external inductance connected across crystal
unit to antiresonate with electrostatic shunt
capacitance of theunit ... . ... ..
L. ..(1) inductance of plate circuit ... e
(2) inductance of primary in plate transformer of
capacitance-bridge oscillator .. ...
(8) inductance of plate-to-ground transformer in
modified grounded-grid oscillator ... ... .
L. ...inductance of secondary in plate transformer
of capacitance-bridge oscillator .. I
Lr...... ...dynamic inductance between plate and cathode
effectively introduced by vacuum tube ...
§ P equivalent series-arm inductance of desired-
frequency mode of crystal unit ... ..
Ly, L. etc....... inductances in schematic diagrams ... ..

WADC TR 56-156

L. Loy oo D

equivalent series-arm inductance of unwanted-
frequency modes of crystal unit

dength
...mechanical one-quarter wavelength of wire. ..

MT. o quartz cut ...

4)

(1)
(2)
(3)

(4)

mechanical three-quarter wavelength of wire

..ratio of length to thickness ... ..

quartz element .. ...,
figure of merit ... e
coefficient of inductive coupling ..

U TS o A ¥: 1T
harmonic integer .. e
constant for mode of v1bratx0n in frequency
equation of clamp-free rod in flexural vibra-
tion
proportmnahty constant relating total resxst—
ance on crystal side of Meacham bridge to the
value of the resistance of the variable arm
AlONE e
nitrogen

quartz element
ratio of a conveniently assumed reference
value of R, to any particular value of R.
(=Rc);thus N = (ref)Re/Reg. o
same as in definition (8), but i in the particu-
lar case wheve (ref) R, is the maximum per-
missible resonance resistance of a Military
Standard crystal unit and R, is the minimum
expected resonance resistance .. ...
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1-236

1-425

1-417

1-183

1-385
1-328

1-365

1-417

1-365

1-278

1-183
1-220

1-183
1-79
1-165
1-165
1-141
1-90
1-227
1-419
1-188
1-23
1-42
1-81

1-158

1-358
1-29
1-90

1-312
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(5) turns ratio of autotransformer in grounded-
grid oscillator (equal to ratio of total turns

to turns of secondary) . 1-407
(6) total number of frequency channels in syn-

thesizer circuit . 1-442
Na . e Sodium 1-29
NaKC,h O -
4H,0...... Rochelle salt ... ... ... 1-29
N,.. ...turns ratio of grid transformer in vacuum-

tube circuit ... 1-358
N YINS. ratio of plate transformer in vacuum-

tube cireuit ... .., 1-359

ammonium dihydrogen phosphate..... . . . . 1-29

quartz cut .., 1-23
integer; equal to harmonic of oscillation. .. 1-79
a positive integer; equal to the sequence num-
ber of any given frequency in a set of fre-
quencies (e.g. in an ascending sequence of
evenly-spaced crystal frequencies numbered
1,2,...ete.,, n = 1 for the No. 1 erystal,n = 2

for the No. 2 crystal, etc.) 1-445
O OXygen 1-29
P Phosphorus 1-29
P e, power dissipated in crystal unit. .. .. ... . 1-233
P maximum power dissipation recommended for
Military Standard crystal unit... 1-293
Py power dissipated in vacuum-tube grld CIrcmt 1-296
P, power dissipated in crystal-oscillator load..... 1-397
P power dissipated in output circuit. ... ... .. 1-333
Py power dissipated in plate circuit of trans-
former-coupled oscillator 1-395
P power dissipated in oscillator tank circuit... . 1-312
P (1) power dissipated by R, (crystal-unit) arm in
Meacham-bridge oscillator .. 1-361
(2) position of any given adJustment of adJust-
able thermostat . 4-16
P harmonic integer 1-81
[ . quality factor ... . 1-36
effective quality factor of crystal unit equal
L 2o T G 1-227
Qem maximum possible effective quality factor of
a given crystal unit 1-217
Qe.. imaginary ' effective overall phase-rotating
quality factor of an oscillator feedback circuit 1-272
L quality factor of vacuum-tube input imped-
ance . 1-272
Qg overall quality factor of a-c impedance of oscﬂ-
lator feedback circuit from plate to grid to
cathode 1-272
(A effective quality factor of series arm of crystal
unit (equal to X./R) 1-213
R (1) motional-arm (or series-arm) resistance of
crystal-unit equivalent cireuit.... ... 1-183
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(2) effective lumped thermal resistance of thermo-

filter in crystaloven.... ... .. ... 4-58
Raoo thermal resistance of air outside crystal oven 4-58
Rao plate load resistance of first vacuum tube in

two-tube parallel-resonant crystal oscillator . 1-345
Rooooo (1) plate load resistance of second vacuum tube in

two-tube paraliel-resonant crystal oscillator.. 1-345

(2) external resistance in base circuit of tran-

SISOT Lo 1-548
) L P effective thermal resistance of crystal cham-

ber in crystal oven.... ... 4-58

effective thermal resistance of crystal holder 4-58

total effective resistance faced by crystal unit

(normally useful only when unit is assumed

to operate at resonant frequency).. . ... .. 1-241

(2) collector resistance of transistor .. .. ... .. .. . 1-540
(3) external resistance in collector circuit of tran-

SISEOT e e 1-548
Regi effective grid re31stance in osc1llator circuit. 1-331
Reooo (1) equivalent, or effective, resistance of crystal

unit when unit is viewed as an equivalent re-

sistance and reactance in series ... ... .. . 1-204

(2) external resistance in emitter circuit of tran-

SISTOT . e 1-546
Re e effective resistance, R, of crystal unit when

assuming stray shunt capacitance introduced

by circuit is part of total electrostatic shunt

capacitance of crystal unit .. . ... 1-278
Remooooerooreenn specified maximum effective resistance of

paraliel-mode, Military Standard crystal unit 1-293

S ——— any particular value of R. whose ratio to a
conveniently assumed reference value, (ref)

R,isequal to N . .. 1-312
Repo i equivalent, or effective, resistance (R.) of

crystal unit when operating at parallel-reso-

nance frequency, f,, of equivalent crystal-

oscillator circult ... 1-210
Ry, -total resistance of feedback c1rcu1t ..................... 1-297
Riteo, effective resistance of feedback circuit insofar

as it affects oscillator frequency.. . ... . 1-297
Reooo grid-leak resistance . 1-277
Ry o resistive component of grld 1mpedance when

latter is represented as equivalent resistance

in series with equivalent reactance. .. . . 1-297
R... . effective grid resistance in equivalent oscil-

lator circuit ... . 1-333
Rer oo grid-leak resistance of first vacuum tube in

two-tube crystal-oscillator circuit ... ... . . 1-345
Reo ...grid-leak resistance of second vacuum tube in

two-tube crystal-oscillator circuit ... ... . 1-345
R o, thermal resistance ..., 4-33
Reo terminal-to-terminal r-f insulation resistance

of crystal unit . e oottt 1-183
R, cathode biasing resistance ... S e, 1-307
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Reo (1) distributed resistance of leads and terminals
of erystal unit .. ... . .. 1-183
(2) equivalent, or effective, load resistance of
oscillator tube ... ... ... 1-278
(8) load resistance of transistor oscillator circuit 1-450
Ry o, equivalent load resistance of vacuum-tube
plate-circuit impedance when represented as
in series with reactive component..........c.. 1-300
R maximum permissible resonance resistance of
series-mode Military Standard crystal unit... 1-362
Ro o, effective thermal resistance of crystal oven
between heater and the outside.............. 4-58
Ro oo equivalent output resistance connected across

vacuum-tube plate circuit having such a value
that its losses equal the power output for a
given r-f plate voltage .. . ... 1-333

plate resistance of vacuum tube 1-268
plate resistance of first vacuum tube in two-
tube crystal-oscillator circuit ... ... 1-378
R o o plate resistance of second vacuum tube in two-
tube crystal-oscillator circuit ... . ... 1-378
Rr..... ... .(1) total load resistance in series with total re-
actance, X, shunting series arm of equivalent
crystal-oscillator circuit ... ... ... ... 1-211
{(2) sum of fixed resistance and resistance of indi-
cator lamp in bridge circuit of Meacham-
B bridge oscillator ... 1-358
Ry ... ... equivalent load resistance in series with re-
actance, X,, shunting crystal unit in equiva-
lent parallel-resonant crystal circuit.. .. . .. 1-210
Rar oo ... resistive component of load impedance .. ... 1-281
R, ... . ... . .equivalent series-arm resistance of desired-
frequency mode of crystal unit . e 12183
R, Ro, ete. . . resistances in schematic dxagram ........................ 1-277
R:, Rs, ... R, .. _equivalent series-arm resistance of unwanted-
frequency modes of crystal unit 1-183
ro . . ... (1) quartzface .. ..o 1-42
(2) ratio of total electrostatlc shunt capacitance,
C., to motional-arm capacitance, C, of crystal
equivalent circuit ... ... ... 1-208
(3) power ratio in grounded-grid oscillator, equal
20 PL/Pe o e 1-411
Yy ... .effective internal, small-signal, linear, base
resistance of transistor when transistor rep-
resented by equivalent T network ... . 1-548
e v o .effective internal, small-signal, linear, collec-
tor resistance of transistor when transistor is
represented by equivalent T network... ... .. 1-540
Yo ......... {1) ratio of electrostatic capacitance, C., across

quartz-plate dielectric, to motional-arm ca-

pacitance, C, of crystal-unit equivalent circuit 1-197
(2) effective internal, small-signal, linear, collec-

tor resistance of transistor when transistor is

represented by equivalent T network .. 1-548
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S thermistor sensitivity in Meacham-bridge os-
Cillator ..o 1-360 .
S, S5, S, ete switches in schematic diagram............... 1-188
S STHCOM oo . 1-40
8i0. silicon dioxide 1-40
S (1) quartz face ... 1-43
(2) elastic compliance factor ... 1-78
(3) activity sensitivity of bridge cu'cult in
Meacham-bridge oscillator ..., 1-360
temperature ..............o— 4-36
.peak amplitude of temperature cycles . 4-61
....average crystal temperature . .. ... ... 4-56
average heater temperature ... 4-56
operating temperature of oven and/or thermo-
stat 4-16
i R absolute temperature of surroundings of radi-
ating surface . 4-40
| SO (1) thickness . . 1-80
(2) time (in seconds) ... 1-296
L 77 RO ratio of thickness to length . 1-101
tan ' arctangent (an angle whose tangent is) ... 1-280
Y A (1) quartz cut 1-23
(2) applied d-c voltage..... . 1-248
(3) volume ... 4-25
..vacuum tubes in schematic diagram.......... 1-309
velocity ... 1-78
A 25O . 4 (s | # s SO e e 1-79
W/, ratio of width to length. ... .. ... e 1-79
X 1) QUATEZ QU e 1-23
(2) crystal axis ... 1-23
(8) number of crystals for second crystal oscilla-
tor in synthesizer circuit ... ... 1-442
D, G directional axis of the crystal dimension that
initially coincided with a true X axis before
rotation ) et Fig. 1-17
D, GLER— (1) capacitive reactance ... 1-187
(2) motional-arm capacitive reactance of crystal-
unit equivalent circuit. ... 1-190
(3) thermal reactance of thermofilter capacity..... 4-61
D, L —— capacitive reactance of balancing capacitance
of capacitance-bridge cireuit................... 1-365
), CONPRENIE— e of effective grid- to-cathode capaci-
tance of vacuum-tube cireuit. ... ... ... 1-280

X e Teactance of effective grid-to-cathode capaci-
tance of first vacuum tube in two-tube crystal
oscillator circuit ... .. 1-383
X e cApacitive reactive component of grxd 1mped-
ance when latter is represented as equivalent
capacitance in series with equivalent resist-
ATICR oot e et e 1-297
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D G (1) equivalent positive reactance of dynamic neg-
ative plate-to-cathode capacitance effectively
introduced by vacuum tube in Pierce crystal
oscillator 1-281
(2) reactance of C, in impedance-inverting crys-
tal oscillator 1-426
D, . shunt capacitive reactance of crystal-unit
equivalent circuit 1-187
Xop .................................... reactance of total effective electrostatic plate-
to-cathode capacitance of vacuum-tube plate
circuit 1-281
X equivalent, or effective, reactance of crystal
unit when unit is viewed as an equivalent re-
sistance and reactance in series. ... 1-204

X oo effective reactance, X., of crystal unit when
assuming stray shunt capacitance introduced
by circuit is part of total electrostatic shunt

capacitance of crystal unit ... . . 1-278
D GO effective reactance, X,., of crystal unit when
operating at parallel-resonance frequency, f,,
of generalized crystal-oscillator circuit............ 1-210
Xy €neralized reactive component of grid imped-
ance in oscillator circuit 1-331
Xy . (1) inductive reactance ... 1-187
(2) motional-arm inductive reactance of crystal-
unit equivalent circuit . 1-190
D, €7 S reactance of distributed inductance of leads
and terminals of erystal unit.. S 1-187
D, €Y inductive reactance of secondary of plate
transformer in capacitance-bridge oscillator 1-565
X, Yéactive component of plate impedance in os-
cillator circuit .. , 1-331
D € reactive component of plate lmpedance in
Miller oscillator when expressed as a combined
function of plate and grid circuit. ... 1-332
D, G plate-to-grid reactance in vacuum-tube circuit 1-331
D GO, total series-arm reactance of crystal-unit
equivalent circuit ... ... 1-203
D, G total series-arm reactance, X,, of crystal—umt
equivalent circuit at antiresonance ... ... 1-208
X total series-arm reactance, X,, of crystal-unit

equivalent circuit when operating at parallel
resonance with total effective load capaci-
tance, Cy, of generalized oscillator circuit (em-
ployed only when convenient to distinguish
between X, used in the general sense and X,
when used in the particular case of the
equivalent parallel-resonant crystal-oscillator

CITCUIL) oo . 1-214
D, SRR total reactance in series with total load re-

sistance, R, shunting series arm of equivalent

crystal-oscillator circuit ... ... 1-211
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D, O total reactance in series with total load re-
sistance, Ry, shunting series arm of equiva-
lent parallel-resonant crystal-oscillator circuit
(employed only when convenient to distin-
guish between X, used in the general sense
and when used in the particular case of the
equivalent parallel-resonant crystal-oscillator
circuit) . - e 12211
X,........,......,,.............44...‘....reactance in series w1th load resmtance, Rx,
shunting crystal unit in equivalent paraliel-

resonant crystal circuit.. .. et 1-210
Xt Ye@ctive component of load impedance.. .. 1.281
b, S (1) quartz face ... 1-43
(2) dimension of crystal blank in X-axis direction 1-51
Y oo (1) quartz cut . ... 1-23
(2) crystal axis . 1-23
Y directional axis of the crystal dlmenswn tnat
initially coincided with a true Y axis before
,rotation oL Fig. 1-17
YT oo, quartzeut ... ... 1-90
F e e dimension of crystal blank in Y-axis direction 1-51
Z oo (1) Quartz aXis ... ... .o e 1.51
(2) impedance .. ... . i 12188
Z' directional axis of the crysta] dlmensmn that
initially coincided with a true Z axis before
. rotation . ... Fig. 1-17
Z7 o directional axis of the crystal dimension that
initially coincided with the Z° axis before
TOLALION . s e Fig. 1-17
Zeooooo .equivalent, or effective, impedance of crystal
URIE o e e 1-209
Lo 1mpedance of feedback circuit..... ... I 1-378
Zeoooo (1) grid-to-cathode impedance as viewed by the
excitation source . . 1-233
(2) impedance of exc1tat10n source as v1ewed by
grid of vacuum tube... . 1-398
Zyyoooooo input impedance of ﬁrst tube in two tube
parallel-resonant crystal oscillator .. . .. 1-345
Zeo oo, input impedance of second tube in two-tube
parallel-resonant crystal oscillator. . = . . 1-345
Lo .vacuum-tube a-c plate-circuit impedance be-
tween cathode and ground (in the Butler os-
cillator, Z, is the output impedance of the
cathode follower) ... . 1-878
Zy o, output impedance of cathode follower as
viewed by the crystal in grounded-plate oscil-
1ab0r e s 1-422
a-c load 1mpedance e e e . 1-268
input impedance of impedance-inverting net-
WOTK o e 1-426
Lo characteristic impedance of impedance-invert-
ing netWork ... 1-426
Zoyoooo, (1) impedance of an equivalent parallel-resonant

crystal circuit; antiresonant impedance of
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Z, (Cont) ... .crystal unit in parallel with equivalent load '

capacitance, C, (equal to the performance
index of a crystal unit having a rated load

capacitance, Cy) ..o 1-214
(2) a-c impedance of vacuum-tube plate circuit... 1-269
Zogooe a-c impedance between plate and excitation
grid of vacuum tube............... 1-269
Lpgeooes o total a-c impedance of oscillator feedback cir-
cuit from plate to grid to cathode.... ... 1-270
Lot _external plate impedance of first tube in two-
tube crystal oscillator .. ... 1-348
Y/ S external plate impedance of second tube in
two-tube crystal oscillator. ... 1-348
Lo series-arm impedance of crystal-unit equiva-
lent circuit .. .. . 1-426
Ly effective plate impedance of cathode follower
in two-tube Butler circuit as faced by cathode-
to-ground output circuit. ... 1-378
Zo oo o effective plate impedance of grounded-grid
vacuum tube in two-tube Butler circuit as
faced by cathode-to-ground input circuit. ... 1-378
Zooooo (1) quartz face ... . 1-42
(2) dimension of crystal blank in Z-axis direction 1-51
O zero quantity; used only in data charts of

composite schematic diagrams that represent
more than one circuit. Equivalent to short cir-
cuit when used to designate value of resist-
ance or inductance; equivalent to open circuit
when used to designate value of capacitance.. Fig. 1-135
quartz cut 1-90
quartz cut 1-90
_..current amplification factor of transistor... ... 1-450
any small difference or incremental change .. 1-203
any small change in frequency, but usually
the difference between crystal-unit operating
frequency, f, and series-resonance frequency,
D SO 1-203
Afy . difference between antiresonant frequency, £,,
and series-resonance frequency, f,, of crystal
12D 11 3 Ao 1-208
Afg. o, any small change in frequency of variable
oscillator in synthesizer circuit ... ... ... 1-461
Afy, difference between parallel-resonance fre-
quency, f,, of crystal circuit and series-reso-
nance frequency, f,, of erystal unit ... .. 1-211
Afp difference between resonance frequency, f,,
and series-resonance frequency, f,, of crystal
UNIE e 1-206
Af, . . ... difference between the frequency, f.,, at which
the crystal unit is series-resonant with an
external load capacitance, C,, and the series-
resonance frequency, f,, of the crystal unit
Itsell e 1-217
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a change or difference in temperature; a “tem-
perature drop” along a heat-conducting path
a difference of potential; a voltage drop ...
any small change in the effective reactance,
X., of a crystal unit, where the unit imped-
ance is viewed as an effective resistance and
reactance in series . .. . ... e
partial differential of .. . ... . ... e e .
dielectric constant . s

second angle of rotatlon, used in deﬁmng
orientation of crystal cut . . .

angle of incidence of X-rays with atomlc plane
impedance phase angle of crystal-oscillator
circuit . .

that angle of vacuum-tube excxtatlon voltage
excursion during which no plate current flows
angle indicating small phase shift in variable-
leg voltage of Meacham-bridge oscillator...
phase angle of vacuum-tube grid-to-cathode
excitation voltage with respect to a designated
reference . e et e
phase angle of vacuum- tube r—f pla’ce voltage
with respect to a designated reference . .
phase angle of vacuum-tube r-f grid current
with respect to a designated reference .. . .

that angle of vacuum-tube excitation-voltage

excursion during which no plate current flows

for the case when R, equals a particular value,

R. . .. ... e e e e
N

...phase angle of the a-c voltage across the grid-

(1)

2)

to-cathode impedance with respect to the a-c
current through the impedance = . . ...
phase angle of the voltage across the imped-
ance of the oscillator feedback circuit with
respect to the current through the impedance
wavelength

micro e
amplification factor of vacuum tube .
amplification factor of first vacuum tube in
two-tube crystal-oscillator circuit . .. . .. .

~amplification factor of second vacuum tube in

two-tube crystal-oscillator circuit.. . ...
pi (approximately equal to 3.14) . . .. ... .

(1) density ... . , e e

(2)

WADC TR 56-156

negative res1stance O

. negative resistance of generahzed crystal os-

cillator when circuit is represented as series-
connected .. . .

_equivalent negative re51stance of vacuum tube

when tube is represented by an equivalent re-
actance and negative resistance in parallel .. .

679

4-18
4-34

1-223
1-298
1-248

1-88
1-127

1-240

1-312

1-358

1-270

1-270

1-270

1-312

1-270

1-270
1-78

1-191
1-268

1-378
1-378
1-158

1-78
1-232

1-232

1-278
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Symbols
Symbol Paragraph
[+ ]
2 ................................. algebraic sum of the indicated quantities cor-
n=1 responding to all integral values of n from 1
1 703 SO 1-598
L the Stefan-Boltzmann constant, equal to the
radiancy of an ideal black body per (degree)* 4-35
S (1) first angle of rotation, used in defining orien-
tation of crystalcut. ... . ... 1-88
(2) angle indicating small phase shlft of center-
leg voltage in Meacham-bridge oscillator...... .. 1-358
(3) angular displacement in radians of bimetallic
element . .. 4-18
Vo third angle of rotatlon, used in deﬁnmg orien-
tation of crystalcut. . .. ... e 1-88
e ORINU(S) e e e 1-207
@. . ... nominal angular frequency at which crystal
unit is assumed to operate ... . ... S 1-208
= s equal tO 1-78
B e e is approximately equal to.... . .. ... ... ... 1-82
S e ....is greater than .. ... ... ... 1-206
>> e is much greater than. ... ... ... 1-206
o s e, dsless than . . . 1-232
<L i ismuch less than . 1-106
S as one quantity approaches another in value 1-281
e PIUS OF MOINUS. 1-88
S the absolute or unsigned value of any quantity
contained within the verticals. . . . . 1-208

. ... . .. infinitequantity;equivalent to an open c1rcu1t
when used to designate the value of a resist-
ance or an inductance, and equivalent to a
short circuit (d-c as well as a-c) when used
to designate a capacitance in the data charts
of those figures showing composite schematic
diagrams that represent more than one cir-
cuit. Equivalent to an r-f bypass value when
used to designate the value of a capacitance

in a single-circuit drawing ... ... ... 1-280

Do . o DB CENE e e . 1-104
e (1) degree(s), temperature . . . e 1-29
(2) degree(s), orientation angle ... ... ... ... 1-88
angular minute(s) ... 1-90
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Symbols
Lowest .
Fraction Integral Decimal I?:::,I”Lgl Miscellaneous
of Part Per Part Per 100 T Fractional
Unit Poulugr of Unit (Per Cent) Expressions
1/1000 1 PP 10® 0.001 0.1 % 1000 p/p/million
2/10,000 2 PP 104 0.0002 0.02 200 p/p/million
12/100,000 12 PP 10 0.00012 0.012 120 p/p/million
1/10,000 1 PP 10¢ 0.0001 0.01 100 p/p/million
75/1,000,000 75 PP 10° 0.000075 0.0075 75 p/p/million
5/100,000 5 PP 10° 0.00005 0.005 50 p/p/million
3/100,000 3PP 10° 0.00003 0.003 30 p/p/million
2/100,000 2PP 10° 0.00002 0.002 20 p/p/million
1/100,000 1 PP 10° 0.00001 0.001 10 p/p/million
5/1,000,000 5 PP 10° 0.000005 0.0005 5 p/p/million
1/1,000,000 1 PP 10¢ 0.000001 0.0001 1 p/p/million
1/10,000,000 1 PP 107 0.0000001 0.00001 1 p/p/10 million
1/100,000,000 1 PP 10® 0.00000001 0.000001 1 p/p/100 million
1/1,000,000,000 1 PP 10° 0.000000001 0.0000001 1 p/p/billion
1/10,000,000,000 1 PP 10 0.0000000001 0.00000001 1 p/p/10 billion
Conversion Table for Commonly Encountered Fractional Parts
Oc %’2 °F
| +120 — 3/2/ +248
+10 — 1/// Ewso
+80 |- — — 1 F
l +100 ~— Z —+212
s | +90 —] ’ —+194
- [ ‘ - +ao——: % —+i78
% f OF CRYSTAL B 70 —7 % [ 58
::‘ 1 L +60 —{ Z — +140
gna K ! +50 —] Z [ 22
E ! ' +4o——: % [ +i0a
% | | +30— Z —+8s
: | l #20"‘: Z .r—+63
g | +10— % — +50
o — — A— — 10t
g, | 1—— o—j Z —+32
N [ i -10— % —+e
-0.002% ~20—~] Z -
FREQUENCY -30— g b—-22
fn s NOMINAL FREQUENGY OF CRYSTAL({AS MARKED ON CRYSTAL UNIT) —20—] ; [ 40
f2 ACTUAL FREQUENCY MEASURED AT MIDPOINT (75°C) OF OPERAT- 40r
ING TEMPERATURE RANGE -50 — % }— —88
= NOMINAL FREQUENCY TOLERANCE(£0.002% OF fn)SPECIFIED AT 49t
MIDPOINT (75°C) OF OPERATING TEMPERATURE RANGE OF —so—| [ [—-7s
CRYSTALS UNDER TEST. 7 r
beMAXIMUM FREQUENCY DEVIATION ALLOWED (0.0005% OF f) 7%
WITHIN OPERATING TEMPERATURE RANGE (+70°TO +80°C) Z
RESULYS OF TESTS Z
ca;mm-e:ggsgroiof: NOMINAL FREQUENCY TOLERANGE NOT |
CRYSTAL-B :e‘échfrco:nmEoueucv DEVIATION NOT WITHIN 2///////
GRYSTAL-C AGCEPTED: NOMINAL FREQUENCY TOLERANCE AND 7%,
FREQUENCY DEVIATION WITHIN SPECIFIED LIMITS
Diagram illustrating distinction between nominal Temperature conversion chart:
frequency tolerance and frequency deviation . degrees centigrade to degrees
with temperature of crystal units fahrenheit
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INDEX

(See aiso Cross Index of Crystal Oscillator Subjects)

A

A element
calculation of series resonance of, 1-207
change in femperature-frequency characteris-
tics of, 1-253
characteristics of, 1-112
frequency vs. drive, 1-260
static capacitance of, 1-192
Abbreviations (see Appendix V)
AC cut, characteristics of, in thickness-shear
mode, 1-111
Acknowledgments (see Appendix I)
Activity quality, 1-227, -228
for parallel resonance, 1-230, -231
for series resonance, 1-229
in grounded-grid oscillator, 1-411
in Meacham-bridge oscillator, 1-360
# as an index of, 1-235
PI as an index of, 1-286, -237
Q. as an index of, 1-232, -233
Qem as an index of, 1-234
ADP crystals, physical characteristics of, 1-34, -35
Aging of crystal units, 1-173, -174
reduction of, 1-175—1-181
cleanliness, 1-177
etching, 1-176
heat cycling, 1-179
lapping, 1-175
low drive level, 1-181
low relative humidity, 1-180
mounting, 1-178
Antiresonant frequency
see also Parallel-resonant frequency
of crystal unit, 1-208
effects of changes in shunt capacitance on, 1-211,
-212
measurement of, 1-222, -223
measurement of effective resistance at, 1-224
Asymmetrical displacement of charge, 1-69
Automatic gain control (see Pierce oscillator)
Axes of quartz, 1-560—1-55
asymmetrical displacement of charge, 1-70
conventions, 1-87
rotational symbols, 1-88
X axis (see X axis)
Y axis, 1-563
Z axis (see Z axis)
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B element, characteristics of, 1-114
Bandwidth and selectivity parameter, 1-227, -246
the capacitance ratio, 1-247 :
electromechanical coupling factor, 1-248
BC cut, characteristics of, in thickness-shear mode,
1-113
Bias (see Pierce oscillator)
Bibliography (see Appendix II)
Bragg’s law, 1-127
BT cut, 1-23
with B element, 1-114
mounting for, 1-140
Butler oscillator, 1-376, -377 ‘
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. 1
design procedures, 1-387
frequency stability considerations, 1-380—
1-385
frequency stability, 1-380—1-385
effect of crystal, 1-386
loop gain of, 1-378, -379
modifications, 1-386—1-391

c

C element
characteristics of, 1-115
dielectric constant for, 1-193
Calibration (see Crystal calibrators)
Capacitance
distributed, effect on crystal-unit parameters,
. 1-188
in Miller circuit, 1-332
in Pierce circuit, 1-279—1-281, 1-290-—1-292
ratio, 1-247, -286
series-arm
computing value from measured parameters,
1-225
effect on parallel crystal circuit due to varia-
tions in, 1-215
equivalent, estimating, 1-197
shunt
effects of changes in, 1-211, -212
measurement of, 1-219
static
of crystal, rule-of-thumb for estimating, 1-191
total shunt, estimating, 1-201




Index

Capacitance-bridge oscillators, 1-364
see also Cross Index of Crystal Oscillator Sub-
jects, Sect. 1
basic circuits, 1-365—1-363
compared with Miller oscillator, 1-366
design model for, 1-369
for greater power output in 50- to 80-mc¢ range,
1-372
miniature, 50- to 120-mec, 1-371
modifications, 1-315
multitube, operable up to and above 200 me,
1-374
single-tube, 50- to 90-mc, 1-370
two-tube, 50- to 100-me, 1-373
CI (crystal impedance) meter, 1-220, 2-60—2-65
Colpitts oscillators, modified for crystal control,
1-227, -436, -437
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
Conductance (see Activity quality)
Conoscope, use for determining optical axis, 1-124
Control of radio frequency, 1-6, -7
Cracks, in quartz crystals, 1-47, -175
Crystal blanks
cleaning, 1-177
effect of twinning on, 1-178
lapping, 1-175
mounting of
see also Crystal holders
button mounts, 1-153
cantilever clamp, 1-158, -159
corner-clamped, air-gap mounting, 1-140, -141
dielectric sandwich, 1-143—1-149
edge-clamped mounts, 1-170
gravity air-gap mounting, 1-138, -139
gravity sandwich, 1-134, -135
headed-wire support, 1-168, -169
knife-edged clamp, 1-160, -161
nodal-clamped, air-gap mounting, 1-142
plated crystals, 1-154, -155
plated-dielectric sandwich, 1-150—1-152
pressure-pin mounting, 1-156, -157
pressure sandwich, 1-136, -137
to reduce aging, 1-178
solder-cone wire support, 1-164—1-167
" wire mounting, 1-162, -163
preparation of, 1-131
Crystal calibrators, 1-438, -439
employing frequency regenerative divider, 1-440
Crystal filters
pass band of, 1-247
quartz elements and cuts used as, 1-36, -38, -96,
-97, 1-99—1-104, -107, -115
Crystal holders
see also Crystal blanks
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Crystal holders— (Cont)
see also Military specifications
definition of, 1-132
development of, 1-24
Military Standard types, Sect. III
Crystal oscillators
see also Cross Index of Crystal-Oscillator Sub-
see also Packaged crystal oscillators
jects, Sect. 1
circuit analysis of (see Cross Index)
design of (see Cross Index)
functional characteristics of (see Cross Index)
fundamentals (see Cross Index)
phase rotation in vacuum-tube oscillators,
1-268—1-272
principles, 1-263, -264
requirements of stable forced-free oscillations,
1-265—1-267
types, 1-274—1-276, 1-355, -356
Butler (see Butler oscillator)
capacitance-bridge (see Capacitance-bridge
oscillator)
Colpitts modified for crystal control, 1-436,
-437
crystal and magic-eye resonance indicator,
1-354
grounded-cathode two-stage feedback, 1-433—
1-435
grounded-grid (see Grounded-grid oscillator)
grounded-plate, 1-421, -422
impedance-inverting, 1-426
Miller, 1-432
Pierce, 1-430, -431
transitron, 1-429
Meacham-bridge (see Meacham-bridge oscil-
lator)
Miller (see Miller oscillator)
oscillators with crystals having two sets of
electrodes, 1-351—1-353
Pierce (see Pierce oscillator)
transformer-coupled (see Transformer-
coupled oscillator)
transitron, 1-423—1-425
two-tube parallel-resonant, 1-345—1-350

Crystal ovens
construction of typical small oven, 4-14

Military Standard types, Sect. IV

provisions for minimizing power requirements,
4-11—4-13

provisions for temperature control, 4-9, -10

technical requirements, 4-8

thermal analogues (see Thermal analogues of
crystal-oven electrical parameters)

thermostatic heater control (see Thermostats)

types of, 4-7



Crystal units

see also Military specifications

aging of (see Aging of crystal units)

air-gap, equivalent circuit of, 1-185

definition of, 1-132

electrical parameters of (see Parameters of
crystal units)

equivalent circuit of, 1-182—1-184

fabrication of (see Fabrication)

housing of, 1-171, -172

see also Crystal blanks

impedance curves of, 1-209

methods of expressing relative performance
characteristics of (see Performance char-
acteristics of erystal units)

Military Standard types, Sect. II

production of, 1-25

typical operating characteristics of, 1-217

Crystals
ADP, 1-34, -35
blanks (see Crystal blanks)
DKT, 1-38, -39

EDT (see EDT crystals)
elements (see Quartz elements)
physical characteristics of, 1-26—1-54
plating of, 1-154, -155
Q of (see Q)
quartz (see Quartz crystals)
raw quartz (see Raw quartz)
Rochelle salt (see Rochelle salt crystals)
tourmaline, 1-29-—1-31
Crystal and magic-eye resonance indicator, 1-354
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
CT cut, 1-23
in C element, 1-115
Cuts, crystal (see Quartz crystals)
Cutting quartz crystals
direct wafering, 1-125
preparation of crystal blanks, 1-131
preparation of wafers, 1-130
X block, 1-125, -128
Z section Y bar, 1-125

D element

characteristics of, 1-116

dielectric constant for, 1-194
Dielectric

constant, formula for, 1-191

material, 1-143
Distributed capacitance (see Capacitance)
Distributed inductance (see Inductance)
Distributed resistance (see Resistance)
DKT crystals, physical characteristics of, 1-38, -39
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Drive level
effect on crystal parameters, 1-256
vs. frequency, 1-257—1-260
in grounded-grid oscillator, 1-412
in Meacham oscillator, 1-361
vs. resistance, 1-261

DT cut, 1-23
in D element, 1-116

Duplex crystals, 1-351

E element
capacitance ratio of, 1-246
characteristics of, 1-99
EDT ecrystals
physical characteristics of, 1-36, -37
use in frequency-modulated oscillators, 1-247
Effective resonance resistance (see Activity
quality)
Electrodes, types used in mounting crystal blanks,
1-134—1-169
Electrostricture, definition of, 1-13
Elements (see Quartz elements)
Etching, 1-176

ET cut, 1-23
characteristics of, in combination mode, 1-117
[
F element, characteristics of, 1-102
Fabrication
of crystal holders
covers, 3-8
insulating, impregnating, and sealing com-
pounds, 3-10

solder, 3-11
soider flux, 3-9
springs, 3-12
threaded parts, 3-13
workmanship, 3-14
of crystal units
aging of crystal units (see Aging of crystal
units)
bonding, 2-22
crystal holders, 2-23
cutting X block, 1-128
electrical connections, 2-24, -27
etching, 2-25
glass seal inspection, 2-37
housing of crystal units, 1-171, -172
marking, 2-26
methods of mounting crystal blanks in crystal
holders (see Crystal blanks)
mounting, 2-27
preparation of crystal blanks, 1-131
preparation of wafers, 1-130
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Fabrication—(Cont)
of crystal units—(Cont)
sectioning the stone, 1-125
solder, 2-28
solder flux, 2-29
workmanship, 2-30
Figure of merit of crystal activity, 1-235
Filters, crystal (see Crystal filters)
5° X cut, 1-93, -98
characteristics of
in E element, 1-99
in F element, 1-102
in H element, 1-100
in J element, 1-101
in M element, 1-103
in N element, 1-104
Frequency
deviation of Military Standard crystal units, 2-8
vs. drive, 1-257—1-260
vs. impedance characteristics, 1-202
muitiplication, 1-276
parallel-resonant (see Parallel-resonant fre-
quency and Antiresonant frequency)
vs. power, 1-260
vs. quality factor (Q), 1-199
range of Military Standard crystal units, 2-9
range of normal modes, 1-85
series-resonant (see Resonant frequency)
vs. temperature, 1-254, -255
Frequency stability
in Butler oscillator, 1-380—1-386
coefficient, 1-243
in grounded-grid oscillator, 1-413
in Meacham oscillator, 1-358, -359
in Miller oscillator, 1-338
of overall circuit, 1-245
at parallel resonance, 1-243
in Pierce oscillator, 1-287, -288
at series resonance, 1-240—1-242
at series resonance with external capacitance,
1-244
in transformer-coupled oscillator, 1-399, -400
Frequency stabilization quality, 1-227, -238, -239
see also Frequency stability
FT cut, 1-23
characteristics of, in combination mode, 1-118

G
G element
characteristics of, 1-119
frequency deviation of, 1-259
Grounded-cathode two-stage feedback oscillator,
1-433, -434
sce also Cross Index of Crystal-Oscillator Sub-
jects, Sect. 1
modified two-stage feedback oscillator, 1-435
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Grounded-grid oscillators (single-tube Butler),
1-406
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
activity of, 1-411
analysis of, 1-407—1-409
designs of, 1-414, -415
drive level in, 1-412
frequency stability of, 1-413
loop gain in, 1-410
modifications of, 1-416—1-420
Grounded-plate oscillators, 1-421, -422
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. 1
GT cut, 1-23
in G element, 1-119
stability vs. drive, 1-259
temperature coefficient of, 1-252
use in Meacham-bridge oscillator, 1-357

H
H element, characteristics of, 1-100
Harmonic mode crystals, 1-253
Harmonics, 1-76, -255
reduction of, 1-245
Hartley oscillator, 1-328
Holders, crystal (see Crystal holders)

1
Impedance
characteristics vs. frequency, 1-202
curves of crystal unit, 1-209
Impedance-inverting crystal oscillators, 1-426—
1-428
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
Miller oscillator, 1-432
Pierce oscillator, 1-430, -431
transitron oscillator, 1-429
Imperfections in quartz crystals, 1-47—1-50
Inclusions, 1-48 '
Inductance
distributed, effect on crystal-unit parameters,
1-187
series-arm
computing value from measured parameters,
1-225
effect on parallel crystal circuit due to varia-
tions in, 1-215
estimating equivalent, 1-198
Inspection
of crystal holders
glass seal, 3-17
visual and mechanical, 3-30
of crystal units
glass seal, 2-37
internal, 2-40



Inspection— (Cont)
of raw quartz
determination of twinning, 1-129
determination of X axis, 1-126, -127
initial inspection, 1-121, -122
inspection for optical axis and optical twin-
ning, 1-123
use of conoscope for exact determination of
optic axis, 1-124
Inspectoscope, 1-121—1-123

J

J element
characteristics of, 1-101
dielectric constant for, 1-195

L
Lapping, 1-175
Leakage resistance, P-f (see Resistance)
Limiting of oscillation amplitude, 1-232, -585, -598
see also Cross Index of Crystal-Ooscillator Sub-
jects, Sect. 1
current- and voltage-controlled characteristics,
1-590, -595
frequency deviation due to, 1-596, -598
negative-resistance limiting, 1-586, -589

M element, characteristics of, 1-103
Manufacturers (see Appendix III)
Meacham bridge oscillator, 1-357
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
activity stability of, 1-360
crystal drive level, 1-361
design of, 1-362
frequency stability of, 1-358, -359
modifications of, 1-363
thermistor in, 1-357, -360, -363
Measurement of crystal parameters, 1-218
computing series-arm C and L from the meas-
ured parameters, 1-225
effective resistance, 1-224
parallel-resonant frequency, 1-222, -223
resonant frequency, 1-221
series-arm resistance, 1-220
shunt capacitance, 1-219
Measuring frequency and effective-resistance of
Military Standard crystal units, 2-66, -151
equipments required, 2-67, -123
auxiliary amplifiers and frequency convert-
ers, 2-110, -122
amplifier, d-¢, 2-121
amplifier, r-f, 2-120
frequency divider, 2-118
harmonic generators, 2-111, 1-117
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Measuring frequency and effective resistance of
Military Standard crystal units—(Cont)
equipments required— (Cont)
auxiliary amplifiers and frequency convert-

ers—(Cont)
radio receiver, 2-110

signal control panel, 2-122
variable r-f oscillator, 2-119
auxiliary test-control devices, 2-123
indicating and recording instruments, 2-92,
-109
earphones, speaker, 2-109
effective-resistance recorder, 2-102
frequency counter, or meter, 2-92, -95
frequency-deviation meter, 2-96, -98
frequency-deviation recorder, 2-99
grid-current meter, 2-101
oscilloscope, 2-100
pyrometer, dummy-crystal-unit, 2-104
Q meter, 2-107
r-f bridge, 2-108
thermometer, cold-box, 2-105
voltmeter, electronic a-c, 2-103
primary standards, 2-69, -81
crystal test set, 2-78
frequency, 2-73, -77
load capacitor, 2-79
resistors, 2-80
temperature, 2-81
time, 2-73, -77
reference standards, 2-82, -91
crystal test set, 2-88
frequency, a-f, 2-85, -87
frequency, r-f, 2-82, -83
load capacitor, 2-30
resistors, 2-91
temperature, 2-89
time, 2-92 .
frequency-measuring systems, 2-124, -135
double-heterodyne for vhf, 2-181
frequency-reading counter, 2-129
Government inspection
room-temperature tests, 2-133
temperature-run tests, 2-134
heterodyne-frequency meter, 2-125, -128
vfo-counter, 2-130
WADC, 2-135
procedure for correlating test equipment with

standards, 2-136, -150
correlation of

calibrated resistors, 2-139

cold-box thermometer, 2-147

crystal test set, 2-140

effective-resistance recorder, 2-144

frequency-deviation meter and recorder,
2-143



Index

Measuring frequency and effective resistance of

Military Standard crystal units— (Cont)

procedure for correlating test equipment with

standards— (Cont)
correlation of —(Cont)
frequency standard, 2-141

heater, 2-148

interpolation oscillator, 2-142

load-capacitance dial, 2-138

pyrometer, 2-146

recorders with temperature range, 2-149

temperature-measurement controls (gen-
eral), 2-145

vibration machine, 2-150

procedure for making measurements and re-

cordings, 2-151

Military specifications
of crystal holders

authority, 3-3

date of status, 2-4

delivery requirements, 3-23, -24
fabrication (see Fabrication)
functional description, 3-5
inspection (see Inspection)
nomenclature, 3-6

status, 2-54

tests (see Tests)

USAF stock numbers, 3-29

of crystal units

authority, 2-2

crystal holder, 2-3

date of status, 2-4

delivery requirements, 2-49, -50

drive adjustment procedures, 2-6, 2-60—2-65

fabrication (see Fabrication)

frequency deviation of temperature, 2-8

frequency range, 2-9

frequency range abbreviations, 2-10

functional description, 2-11

harmonic of quartz vibration, 2-12

inspection (see Inspection)

maximum effective resonance resistance, 2-14

method of measuring frequency and resonance
resistance, 2-15

nomenclature of crystal urnits, 2-17

nominal frequency tolerance, 2-18

operable temperature range, 2-19

operating temperature range, 2-20

pin-to-pin capacitance, 2-13 '

second test level of drive, 2-51

standard, 2-53

status, 2-54

test level of drive, 2-55

test load capacitance, 2-56

test set (sce Crystal Impedance meter)
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Military specifications— (Cont)
of crystal units— (Cont)
tests (see Tests)
USAF stock number 2-59
Military Standard
crystal holders (see Crystal holders)
crystal ovens (see Crystal ovens)
crystal units (see Crystal units)
Miller oscillator
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
see also Pierce oscillator
compared with capacitance-bridge oscillator,
1-366
design considerations, 1-330
equation of state, 1-331
frequency stability equations, 1-338
load capacitance of crystal unit, 1-332
maximum R, 1-333
modifications, 1-344
operating conditions, 1-337
optimum value of K = E,/E,, 1-334—1-336
as a small power osciliator, 1-339
typical characteristics of, 1-840—1-343
Miniature capacitance-bridge oscillators
see Capacitance-bridge oscillators
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
Modes of vibration, 1-75—1-86, -90
face-shear, 1-82
frequency of, 1-78
frequency range of, 1-85, -86, -90
length- (or width-) extensional, 1-79
length-width-flexural, 1-83
length-thickness-flexural, 1-84
thickness-extensional, 1-80
thickness-shear, 1-81
Motional arm (see Series arm)
Mounting crystal blanks
see Crystal blanks
see also Crystal holders
MT cut, 1-23
in M element, 1-103
Multi-tube capacitance-bridge oscillators
see Capacitance-bridge oscillators
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
Multivibrator circuit, 1-345

N element :
characteristics of, 1-104
dielectric constant for, 1-196

Nodes, 1-75



NT cut, 1-23
in N element, 1-104

. (o]
Oriascope, 1-126
Orientation of crystal cuts
right-handed coordinate system, 1-87
rotation symbols, 1-88, -90
X-ray determination of, 1-127
Oscillations, stable forced-free, 1-265—1-267
Oscillators, crystal (see Crystal oscillators)
Oscillators with crystals having two sets of elec-
trodes, 1-351—1-353
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
Ovens, crystal (see Crystal ovens)

P

Packaged crystal oscillators, 1-560, -584
problems of standardization, 1-573, -584
transistor

Sulzer miniature frequency standard, 1-570
commercially available temperature-
controlled units, 1-571, -572
vacuum-tube (Gruen series) 1-562, -568

Parallel crystal circuit
effect of variations in resistance, 1-214
effect of variations in series-arm C or L, 1-215

Parallel-resonant frequency
see also Antiresonant frequency
see also Parallel crystal circuit
activity quality for, 1-230, -231
of crystal circuit, 1-210
frequency stability at, 1-243
minimum value of Af,, 1-216
stabilizing effect of crystal on, 1-213

Parameter stability, 1-227
effect of drive level on, 1-256
effect of spurious modes on, 1-254, -255
effect of temperature on, 1-252, -253
frequency vs. drive, 1-257—1-260
resistance vs, drive, 1-261

Parameters of crystal units, 1-182—1-262

antiresonant frequency, 1-208

bandwidth and selectivity, 1-246

computing series-arm C and L from the meas-
ured parameters, 1-225

effect of distributed capacitance on, 1-188

effect of distributed inductance on, 1-187

effect of r-f leakage resistance on, 1-186

effect of distributed resistance on, 1-189

equivalent circuit of crystal unit, 1-182—1-184

impedance characteristics vs. frequency, 1-202
—1-2¢5
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Parameters of crystal units— (Cont)
measurement of (see Measurement of crystal

parameters)
methods of expressing relative performance
characteristics {see Performance charac-
teristics)
parallel-resonant frequency of crystal circuit
(see Parallel-resonant frequency)
resonant frequency, 1-205—1-207
rule-of-thumb equations for estimating, 1-190—
1-201
simplified equivalent circuit of air-gap crystal
unit, 1-185
typical operating characteristics, 1-217
Performance characteristics of crystal units, 1-226
activity quality (see Activity quality)
bandwidth (see Bandwidth and selectivity para-
meter)
frequency stabilization quality (see Frequency
stabilization quality)
parameter stability (see Parameter stability)
quality factor (see Q)
Performance index (PI), 1-236, -237
Phase
relation, 1-269
rotation, 1-268
-stabilized Pierce circuit, 1-283
Pierce oscillator
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
AGC, 1-308
analysis of load capacitance, 1-278—1-285,
1-817—1-327
bias voltage, 1-293
capacitance ratio for greater output, 1-286
capacitive elements in design, 1-290—1-292
choosing a vacuum tube for, 1-311-—1-315
design considerations, 1-316—1-318 .
energy and frequency equations as complex
functions of linear parameters, 1-289
fixed bias, 1-294, -295
frequency variation and stability, 1-287, -288
gridleak bias, 1-296—1-307
modifications of, 1-319—1-323
plate-supply circuit, 1-309, -310
Piezoelectric devices
development of, 1-14—1-25
early applications, 1-17—1-25
transducers, 1-17
Piezoelectric effect
definition and history of, 1-8-—1-13
report on discovery of, 1-56—1-68
Piezoelectricity, theory of (see Theory of piezo-
electricity)
Plate resistance (see Resistance)



Index

Plating, method of
electroplating, 1-154, -155
spraying and baking, 1-154, -155
sputtering, 1-154, -155
Pyroelectricity, defined, 1-29, -57

Q

Q (quality factor)
of EDT crystals, 1-37
effect of r-f leakage resistance on, 1-186
vs. frequency, 1-199
maximum effective (Q..), 1-234
as a performance characteristie, 1-227, -249, -250
of recommended crystal units in metal or glass
holders, 1-186
Q meter, 1-292
Quartz crystals
atomic lattice, 1-69
axes of, 1-51—1-55
early applications of, 1-20—1-23
elements (see Quartz elements)
imperfections in, 1-44—1-50
modes of vibration (see Modes of vibration)
orientation of cuts (see Orientation of crystal
cuts) )
raw (see Raw quartz)
types of cuts, 1-91—1-119
Quartz elements, 1-99—1-119
characteristics of (see specific element)
table of, 1-90

Raw quartz

alpha and beta, 1-40

axes of, 1-561—1-55

imperfections in, 1-44—1-50

preparation of, for fabrication of crystal units
(see Fabrication and Inspection)

physical characteristics of, 1-40—1-43

Resistance .

distributed, effect of, on crystal-unit parameters,
1-189

vs. drive, 1-261

effect on parallel crystal circuit due to varia-
tions in, 1-214

equivalent series-arm, estimating, 1-199

grid, in Pierce oscillator, 1-298

gridleak, in Pierce oscillator, 1-297, 1-299—1-307

plate, in Miller circuit, 1-333

plate, in Pierce circuit, 1-282, -284, -285

r-f leakage, effect on crystal-unit parameters,
1-186

series-arm, measurement of, 1-220

thermal (see Thermal analogues of electrical
parameters)
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Resonant frequency
activity quality for, 1-229
of crystal unit, 1-2056—1-207
frequency stability at, 1-240—1-242

with external capacitance, 1-244

measurement of, 1-221

Rochelle salt crystals
development of devices, 1-17
physical characteristics of, 1-32, -33
as transducers, 1-32

RTMA Standards Committee on Quartz Crystals
recommended electrode areas, 1-192

S
Sectioning (see Cutting quartz crystals)
Selectivity (see Bandwidth and selectivity para-
meters)
Series-arm
capacitance (see Capacitance)
definition of, 1-182
inductance (see Inductance)
resistance (see Resistance)
Series resonance (see Resonant frequency)
Single-tube capacitance-bridge oscillators
see Capacitance-bridge oscillators
see also Cross Index of Crystal-Oscillator Sub-
ject, Sect. I
Solder, used with solder-cone wire support, 1-167
Spurious modes, effect on crystal parameters,
1-254, -255
Symbols
definition of, Appendix V
element, 1-89
rotation, 1-88, -90
Synthesizing circuits, 1-441—1-448
Synthesizing systems, 1-441—1-538
attenuation of unwanted products in, 1-525——
1-529
balanced modulator in frequency synthesis,
1-526, -527
selection of heterodyne input frequencies,
1-528, -529
Bendix synthesizing system, 1-455—1-507
Radio Set AN/ARC-33, 1-463—1-507
Collins synthesizing system, 1-568—1-524
Radio Receiver R-252A/ARN-14, 1-509—
1-511
Radio Receiver R-278/GR, 1-512—1-516
Radio Set AN/ARC-27, 1-517—1-529
crystal-phase-controlled harmonic multipliers,
1-530-—1-538
Hahnel spectrum generator, 1-536—1-538
Plessey synthesizing system, 1-442—1-454
advantages in r-f measurements, 1-443, -444
circuit design, 1-450—1-454
functional operation, 1-445—1-449



Temperature
coefficient of
ADP, 1-34
DKT, 1-38
EDT, 1-36
quartz, 1-40
Rochelle salt, 1-32
tourmaline, 1-30
effect on crystal parameters, 1-252, -253
thermistor, 1-357
Tests
of crystal holders
corrosion, 3-16
immersion, 3-18
inspection (see Inspection)
leakage, 3-19
pin alinement, 3-20
standard conditions, 3-15
tensile strength, 3-21
thermal shock, 3-22
of crystal units
aging, 2-32
corrosion, 2-33
drop, 2-34
frequency and effective resistance, 2-35, -36
immersion, 2-38 ’
inspection (see Inspection)
insulation resistance, 2-39
moisture resistance, 2-41
pin alinement, 2-42
plating adherence, 2-43
requirements and procedures, 2-21
seal, 2-44
spurious frequency, 2-45
standard conditions, 2-31
tensile strength, 2-46
terminal polarity, 2-47
vibration, 2-48
Theory of piezoelectricity, 1-56—1-74
see also Piezoelectric effect
see also Modes of vibration
asymmetrical displacement of charge, 1-69—
1-74
Thermal analogues of crystal-oven electrical para-
meters, 4-30
absorptivity and emissivity, 4-37
conductivity, 4-32
current, 4-31
emissivity of various substances, 4-39
equivalent “electrical circuit of crystal ovens,”
4-44-—4-72
equivalent thermal radiation resistance, 4-41,
-42
heat capacity, 4-43
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Thermal analogues of crystal-oven electrical para-
meters— (Cont)
Ohm’s law, 4-34
pin-to-pin electrical capacitance, 4-73
radiancy, 4-36
radiant heat flow, 4-40
resistance, 4-33
Stefan-Boltzmann counstant, 4-38
Stefan-Boltzmann law, 4-35
Thermistor, in Meacham-bridge oscillator, 1-357,
-360, -363
Thermostats
bimetallic, 4-18—4-24
mercury, 4-25, -26
methods of heater control, 4-15—4-17
monitoring, 4-29
thermistor-bridge, 4-27, -28
Tourmaline crystals, physical characteristics of,
1-29—1-31
Transducers
electromechanical coupling factor of, 1-248
use of piezoelectric crystal as, 1-17
Transformer-coupled oscillators, 1-392
see also Cross Index of Crystal-Oscillator Sub-
Jjects, Sect. I
broad-band considerations in, 1-398
design procedure for, 1-401—1-404
frequency stability of, 1-399, -400
gain requirements of, 1-395
lead-to-crystal power ratio in, 1-397
modifications of, 1-405 R
phase considerations of, 1-393, -394
Q degradation in, 1-396
Transistor oscillators, 1-5639—1-559
see also Cross Index of Crystal Oscillator Sub-
jects, Sect. 1
crystal-feedback types, 1-539—1-543
junction transistor, 1-542, -543
point-contact transistor, 1-539-—1-541
h-f types, 1-544
high-impedance types, 1-5650—1-551
negative-resistance types, 1-545—1-549
stabilized design, 1-5565—1-559
amplitude and harmonic stabilization, 1-558,
-559
frequency stabilization, 1-555—1-557
transformer-coupled types, 1-552—1-564
Transitron crystal oscillators, 1-423-—1-425
see also Cross Index of Crystal-Oscillator Sub-
. Jects, Sect. I
Tri-tet oscillator, 1-322
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I '
Twinning, 1-49, -50
determination of, 1-129



Index

Twinning— (Cont)
effects on electrical characteristics of crystal
element, 1-178
ingpection of raw quartz for, 1-123
Two-tube capacitance-bridge oscillators
sec Capacitance-bridge oscillators
see also Cross Index of Crystal-Oscillator Sub-
ject, Sect. 1
Two-tube parallel-resonant crystal oscillators,
1-345—1-250
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I

U
Units, crystal (see Crystal units)

v

Vacuum-tube oscillators
see Crystal oscillators
see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I
V cut, 1-93, -95
characteristics in thickness-shear mode, 1-106
characteristics in face-shear mode, 1-107
Vibration (see Modes of vibration)

w
Wafers, preparation of, 1-130
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X

X axis (electrical)
see also Axes of quartz
characteristics of, 1-54, -55
determination of 1-1286, -127
X cut, 1-93
see also Cutting quartz crystals
characteristics of,
in length-extensional mode, 1-96
in thickness-extensional mode, 1-95
in width-extensional mode, 1-97

Y

Y axis (mechanical), characteristics of, 1-53
see also Axes of quartz
Y cut, 1-108, -109
see also Cutting quartz crystals
characteristics in thickness-shear mode, 1-110
YT cut, 1-89
see also Cutting quartz crystals
z
Z axis (optical)
see also Axes of quartz
characteristies of, 1-52 -
inspection for, 1-123
use of conoscope for exact determination of,
1.124
Z cut, 1-92
see also Cutting quartz crystals



