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Some Problems of Disk Recording’

S. J. BEGUNY, NONMEMBER, LR.E.

Summary—The general trend of recen! slatistics indicales thal
recordings have become more and more important in the radio and
home-enlertainment field. It is therefore timely lo invesligale the pres-

ent stalus of the art,

Tt is shown that the lack of standardization in the recording char-
acleristics of commercial shellac pressings makes it rather dificult to
provide correct equalization for playback. A compromise equalization
is suggested. It is also poinled out that new lightweight pickups with
their permanent jewel styluses do not require the abrasive surfaces
which are provided in present shellac pressings. Considerable improve-
menl can be expected wilh respect lo the signal-to-noise ratio of record-
ings if the general use of lightweight pickups makes il possible lo use
belter disk malerials.

Vertical versus laleral recording is briefly discussed, and il is
pointed out that even for transcription work the likelihood is that lateral
recording will regain ils predominance.

The almost complete lack of standardization in the field of inslan-
taneous recording 1s shown.

Some general problems in the field of disk recording are discussed
and considerations entering inlo the design of a culler are oullined.

Since the art of instantaneous recording has just begun lo develop,
new recording malterials will have lo be investigaled in order lo cul
the price to the point where direct recording can enler the home-enter-
latnmenl field.

The relative merits of different methods of regulating the depth of
cul are discussed. The requirements for malching a culler lo an ampli-

fier for different frequency characteristics of cut are also explained.

]. INTRODUCTION

BOUT 35 million phonograph records were

pressed in 1938 and the broadcast chains were

- experimenting with instantaneous recorders. In

1939, over 60 million records were pressed, and in-

stantaneous recording became a common technical

requirement of the well-equipped broadcast station.

In 1940, the industry enjoyed another sharp increase

in record sales and instantaneous records became sec-
ond in importance only to commercial pressings.

These alrecady impressive figures will become even
more important when one considers that during 1938
only 63,000 radio-phonograph combinations were sold;
during 1939, this figure jumped up to 600,000 combina-
tions and it is generally expected that during the
present year 1,000,000 radio-phonograph combinations
will he sold.

These figures, large as they are in themselves, indi-
cate an even more impressive total in the near future.
To cope with this situation requires of the radio tech-
nician an adequate knowledge of the state of the art
today, particularly of instantancous recording, which,
strong evidence suggests, is the next acoustical device
to capture the public's fancy.

Disk recording conveniently may be divided into
three main fields. The first, and largest, includes
shellae pressings, such as are sold (o the public at
large. Inormous quantities of these pressings are also

C* Decimal classification: 621.385.971, Original manuscript re-
ceived by the Tnstitute, March 6, 19405 revised manuseripl received,

July 8, 1940, Presented, New York Meceting, February 7, 1940,
1 The Brush Development Company, Cleveland, Ohio,

Septenther, 19410

used in many of the smaller broadcast stations, where
in some cases they actually constitute a majority of
program time. )

The second classification includes the electrical-
transcription material, prepared at some central point
and distributed only to broadcast stations for broad-
casting at convenient hours. This classification includes
the vertical, or so-called “hill-and-dale” recording, as
well as the more conventional lateral recording.

The third classification, which this article chiefly
treats, includes the instantaneous recording. Use of
this field is being very rapidly embraced by educational
institutions and by the theater and other arts. As a
means of objective criticism of voice and music it
stands unquestionably first. The instantaneous re-
corder has also become standard equipment in most
broadcast stations where it serves in several capacities,
but stars in its ability to store a program temporarily
until a “free” time makes its use advantageous.

The greatest use of instantaneous recording, how-
ever, is just beginning. This is as an adjunct to the
home radio. There is ample evidence to support the
conclusion that this newest art may very soon become
one of the most active forces in the home-entertain-
ment field. Already many manufacturers are in pro-
duction with radio-phonograph combinations in-
corporating an instantancous recorder, and virtually
all of the radio manufacturers are actively studying the
field.

IT. SiIELILAC PRESSINGS

It is gencrally assumed that no special experience
is required to obtain good reproduction from com-
mercial pressings. If the equipment is good, which
means that a good turntable, pickup, amplifier, and
speaker system be used, the operator has a right (o
expect an entirely satisfactory response. Unfortu-
nately, however, this is not quile true, since pressings
of different makes have different recording character-
istics, These characteristics are deviations from con-
stant velocity and constant amplitude. Before ex-
plaining further what these deviations are, it may be
desirable to point out the differences between the terms
“constant velocity” and “constant amplitude.” “Con-
stan( amplitude” means that, given a constant voltage
at the grids of t(he output tubes of the recording
amplificr, the amplitude of (he resulting cut will he a
constant, and not dependent upon the frequency he-

" on the other hand,

ing recorded. “Constant velocity,’
means (hat, given a constant voltage at the grids of

the output tubes of the recording amplifier, the ampli-

Proceedings of the I.K.I5. 389
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tude of the resulting cut will be inversely proportional
to the frequency. Tn other words, in constant veloceity,
the product of amplitude and frequency is a constant,
Fig. 1 shows these points graphically.

3o 100 o0 200 000 8000 ta000

A
Patrenn ns 4.
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Fig. 1—The wave pattern obtained for constant-amplitude record-
ing is shown in pattern No. 1 and that for constant-velocity
recording in pattern No. 2. The solid-linc pattern, No. 3, is for
constant amplitude below 350 cycles and constant velocity at
higher frequencies.

With regard to commercial recordings, it is general
practice to cut constant amplitude up to some fre-
quency known as the “transition frequency.” Above
this transition frequency, the general practice is to
cut constant velocity. In addition to this first transi-
tion frequency, it has become current practice of at
least one of our largest record manufacturers to “turn
over” again at some higher frequency, and cut there-
after somewhere between the two characteristics of
constant velocity and constant amplitude up to the
cutoff frequency, which is generally in the neighbor-
hood of 7000 cycles. These transition frequencies vary
with the manufacturer, but, in general, the first transi-
tion frequency lies between 300 and 800 cycles and the
second transition point, where it exists at all, varies
from about 1000 cycles to about 3000 cycles. In addi-
tion to these discrepancies, cutoff frequencies also
vary.

In the light of the foregoing, it is easy to see the
impossibility of providing perfect equalization for all
shellac pressings. Fig. 2 shows graphically the results

7”20 200 350 So0  Te3 4000 Qapo X080 4503 cyeues [see.
0 Z4
REE 3| prr 200 ever roewsvee 1
5
REPLODIED Wirn 824
CYELE TUEYOVER 7| 0
i

Fig. 2—Results of reproducing a {requency spectrum with a re-
corded transitionfrequency of 800 cycles and with pickups equal-
ized for 300 and 800 cycles, respectively.

of playing a record with a recorded first turnover fre-

quency of 800 cycles with a pickup equalized for a

turnover of 300 cycles. The radio engineer faces the

problem of providing a workable compromise or of
using different equalization for different series of press-
ings. The conclusion which experience has drawn for
us, in this case, is that a compromise is adequate for

Seplember

most cases. The compromise frequency best suited for
this purpose seems to he 500 cyeles, which provides a
minimum of error for most records now on the market.
It sometimes appears best also to provide a gently
falling equalization above 2000 cycles, being down
about 8 decibels at 8000 cycles.

This suggested equalization, although a compromise,
as pointed out above, is for most purposes entirely
adequate. This comes from the fact that the car is
not greatly sensitive to small departures from a linear
frequency response, providing these departures do not
tale the form of sharp peaks. l<ven small sharp peaks,
however, are likely to introduce noticeable distortion,
and should be severely guarded against. A smooth
response curve, however, even if not quite flat, will
be relatively free from distortion, and as explained
before, is quite acceptable to the ear.

For some broadcast applications, however, these
compromises may not be sufficient and individual en-
gineering must answer the question of what must be
used.

It may be of interest to point out the reasons why
such queer recording characteristics are used by the
manufacturers of shellac pressings. The answer for
the most part may be traced back to the early mag-
netic system, whose electromechanical construction
gave to it a constant-velocity response throughout its
principal frequency range. The usual unequalized mag-
netic pickup has the property of giving a constant
voltage from a constant-velocity recording, and thus,
with the usual amplifier and speaker, a constant sound
pressure. The so-called “acoustical” phonograph also
will give a constant sound pressure from a constant-
velocity recording. These facts led very naturally to
the adoption of constant-velocity characteristics for
commercial recordings. It was found, however, that a
constant-velocity cut throughout the frequency range
would lead to excessively large amplitudes in the very
low frequencies. This fact is illustrated graphically in
Fig. 1. The results of such large amplitudes, of course,
would be to limit severely the number of lines perinch
which could be cut on a disk.

But the characteristics of a constan t-velocity system
are such as to emphasize high-frequency noise, and
therefore, constant-velocity recordings were troubled
with too much background hiss in playback. To solve
this problem, the practice has become more and more
to record the higher frequencies with a rising char-
acteristic with reference to a constant-velocity char-
acteristic. This helps to mask the hiss, particularly if
a playback equalizer is used, dropping the highs some-
what.

The background noise, or hiss, which is the source
of this trouble, is largely generated by the abrasive
nature of the material which is added to the disk
compound to give it greater resistance to wear. This
abrasive material quickly grinds the conventional steel
stylus to the proper fit to the record groove. If this
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were not done, the usual heavy pickup would quickly
spoil the shellac pressing.

Measurements! have been made of the average grit
size used in the better shellac pressings. These parti-
cles are individually very small, and tend to cause a
random noise up to a frequency determined by the
particle itself. If the particles were regularly spaced
and were as close together as possible, that is, in
contact, they would produce a vibration of the pickup
stylus representing the wavelength of their size itself.
Since the distance between any two particles, how-
ever, is extremely irregular, all frequencies from the
lowest frequency up to the grit-size frequency can be
expected. It is an effect much like the well-known
“shot-effect” in a vacuum tube, which produces a
random noise throughout the entire frequency range
(up to the transition period of the electron itself).

The spectrum of this random noise is shown in Fig.
3. The ratios of voltages are shown for both constant-
amplitude and constant-velocity equalizations. The
constant-velocity system, of course, increases the noise
6 decibels per octave above the constant-amplitude
response, as shown.

Inspection of Fig. 3 also shows an increase in the
low-frequency noise. This noise is generated by me-
chanical vibration inherent to some extent in even the
best turntable. The ear sensitivity is down at the low
frequencies, however, so this low-frequency back-
ground noise is generally not objectionable in the
usual system. It should be pointed out, however, that
a poor or average turntable may well be the weak link
in an otherwise good disk-record reproducer. Exces-
sive low-frequency noise from a poor turntable, even
though not particularly audible to the ear, does rep-
resent a driving voltage on the associated amplifier,
and may actually cause cross-modulation effects with
the high frequencies being reproduced by the system.
The need for a good turntable, therefore, cannot be
lightly dismissed.

Returning to the random noise caused by the grit,
however, the point of the matter is that the signal-to-
noise ratio of the constant-velocity system becomes
progressively worse as the recorded frequency becomes
higher. This noise, caused by the grit, is undoubtedly
objectionable. Furthermore, the pickups which use
steel needles have a high needle pressure, and this
excessive pressure damages the records. Obviously, to
improve the art, something had to be done about this.

This “something” is already out of the laboratories.
It consists of using a pickup with a very low-inertia
moving part, and one, therefore, which will have a
stylus pressure of less than 1 ounce. When this is done,
it becomes practicable to use a permanent sapphire
stylus, since under such a light pressure, a stylus of
this kind will not wear out, nor will it wear out the
records. Such a pickup also has the obvious advantage

'H. J. Von Braunmuhl and W. Weber, “Einftihrung in die
Angewandte Akustik,” Hirzel, Leipzig, p. 114, 19306,

that it is unnecessary to change needles. Furthermore,
such a light pickup is almost essential where it is re-
quired to play instantaneous recordings any great
number of times.

Also, the light pressure makes it possible for record
manufacturers to leave the abrasive out of their press-
ings and the high-frequency background noise in play-
back becomes considerably reduced. As a matter of
fact, laboratory pressings have been made using ma-
terial free from grit, and the improvement is very
great. It is hoped that the day may soon come when
commercial pressings will be available without the
objectionable grit.
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Fig. 3—Background noise spectrum of an average shellac pressing.?

Pickup Design

Magnetic, as well as crystal, pickups have been de-
signed with low needle pressure. It is the writer’s
opinion, however, that it is somewhat more difficult
to build a magnetic pickup with light needle pressure
than it is to engineer a crystal pickup of the same
characteristic. During the reproduction of high fre-
quencies, the vibratory system of a pickup is inertia
controlled, and the forces required to move the stylus
point depend upon the moment of inertia of the
vibratory system. In a magnetic pickup, the stylus
has to move either a small armature or a coil to gen-
erate a voltage. On the other hand, the crystal ele-
ment in a crystal pickup generates a voltage depend-
ing upon the pressure exerted on the crystal element,
requiring exceedingly little motion. By properly de-
signing a crystal pickup, only the stylus point itself
and its mounting represent the inertia of the vibratory
system, while in a magnetic pickup other parts have
to be moved in addition to these.

It has already been stated that several pickups have
been designed having a low stylus pressure, and it
may be of interest to explain briefly one such develop-
ment.? It is a crystal pickup, and features a very small
stylus assembly and a permanent sapphire stylus.
Fig. 4 is a photomacrograph of the entire generating
element of this pickup, compared with a standard
steel-chromium needle. Obviously the moment of

2 The curve shown is onc taken at the Brush Development Com-

pany. On page 114 of reference’l a like curve is shown.
# The Brush PL-50 and PL-20 crystal pickups.
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inertia of such a system will be far below that of a
conventional pickup using a detachable needle.

Fig. 4—Permanent-sapphire-stylus assembly,
Standard steel stylus included for comparison,

Fig. 5 shows the finished pickup tracking a record.
The stylus pressure of this pickup is approximately %
ounce, and the moving element is so light that there is
practically no possibility of wearing either the records
or the sapphire stylus.

ITI. ELECTRICAL TRANSCRIPTIONS

Electrical transcriptions, a recording service re-
stricted to broadcast stations, are almost completely
standardized at 333 revolutions per minute.

Equalization here is not so great a problem since
manufacturers of such recordings inform the broad-
cast stations more completely of the required char-
acteristics.

Most commonly used of these types of recordings is
the so-called “hill-and-dale” recording, which merely
means that the cut, instead of being from side to
side in the plane of the record, is an up-and-down cut
in the disk material itself.

Fig. 5—Pickup tracking a record.

There are two main reasons why this method has
become so popular. First, it is easily possible to obtain
a 15-minute recording from a 16-inch disk. Second, it
is generally supposed that such recordings have less
distortion than lateral-cut records. It is possible to
obtain the long playing time by cutting a greater
number of lines to the inch than is ordinarily done
with lateral records. This is possible because the stylus,

September

instead of swinging from side to side in the recording
material, as is the case in lateral recording, moves up
and down in the depth of the material. Since the re-
cording stylus used for vertical recording has a smaller
tip angle, this moving up and down of the stylus
results in a smaller deformation in the surface plane of
the material than would result were a lateral swing
used. Also, overcutting in a lateral cut is disastrous,
because a stylus tracking such an overcut will likely
break entirely through from one groove to another.
At any rate, the too closely adjacent grooves of such
an overcut will be badly distorted. With the vertical
cut, however, even when cuts are so severe as partially
to tear down the wall between adjacent grooves, a
pickup will track them without any great trouble or
distortion.*

But the claims of longer playing time and less dis-
tortion from vertical recording are both open to at-
tack.

A constant-amplitude lateral cut, recorded with an
average peak of 10 decibels less than the average peak
amplitude of a conventional constant-velocity cut, will
allow as many lines per inch as a hill-and-dale cut,
Furthermore, a constant-amplitude cut requires no
equalization from either a crystal cutter or a crystal
pickup, resulting in really flat frequency character-
istics and no equalizer problems whatsoever.

It is easily possible to cut 150 to 200 lines per inch
with a constant-amplitude lateral cut, and this, com-
pared with the usual 96 of the conventional shellac
pressing, results in up to more than twice the playing
time from a disk of given size. If, in addition, 333} revo-
lutions per minute are used, as is common practice
with the hill-and-dale cut, the time will be increased

again, resulting in a safe 15 minutes for one side of a
16-inch disk.

Lateral versus Vertical Cut

The claim that the hill-and-dale cut has less distor-
tion than a lateral cut also seems to be ill-founded.
Hunt and Pierce of Cruft Laboratorigs at Harvard
University, as well as other workers, have shown
that vertical as well as lateral recordings have inher-
ent distortions.

These distortions are produced as follows: During
the recording process, the shape of the modulated
groove cut into the record is determined only by the
motion of the sharp stylus tip. In playback, however,
a spherical stylus tip has to be used, éhanging the
contact point between groove and stylus over the
wave front. The result is that the reproducing stylus
traces a wave form differing slightly from the recorded
wave form. Fig. 6(a) shows a laterally recorded sine
wave being tracked by a stylus of conventional dimen-
sions. This curve has been found by assuming that the
spherical stylus tip is for the complete wavelength in

¢ H. A. Frederick, “Vertical sound records,” J
Pic. Eng., vol. 18, pp. 141-163; February, 1932, e
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contact with both walls of the groove. It will be seen
J that the path traced by the stylus is very closely the
' same as the recorded wave form.

: Fig. 6(b) shows a hill-and-dale recorded sine wave
being tracked by a stylus of conventional dimensions.
Here the trace, it is plain, is much more distorted
than it was in the case of the lateral recording. Note
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Fig. 6{(a)—Drawing showing curve described by center of reproduc-
ing stylus when tracking a lateral cut. This trace is very closely
a sine curve and in fact cannot be determined differently in the
drawing. Frequency =4000 cycles, distance to center of disk =3}
inches, amplitude=0.5X1072 inch.
that the same frequency, wavelengths, and amplitude
are used in both cases. An analysis of these two curves,
according to Hunt and Pierce, shows that a lateral
recording acts somewhat like a push-pull amplifier
stage® in that all even harmonics are canceled out.
The hill-and-dale recording, on the other hand, cor-
responds to the single output tube, and has both even-
and odd-number harmonics. From these considera-
tions, it is hard to sce any advantages in vertical, or
hill-and-dale, recording, and this writer is of the
opinion that even in the electrical-transcription field,
lateral recording will regain the predominant position
which it had a few years ago.
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Iig. 6{L)  Drawing showing curve described by center of reproduc-

ing stylus when tracking a vertical recording, This trace departs

materially from a sine curve and represents a considerable har-

monic distortion. Frequeney ==4000 cycles, distance to center of
dise =3} inches, amplitude =05 210" inch.

It is obvious from Fig, 6(a) and (b) that distortions
in reproducing will hecome particularly bad when (he
I Vo Tt and G, W, Pieree, “Distrortion in sound reproduc-

tion from phonograph vecords, Jour. Soc. Mo, Pic. Iing., vol, 31,
pp. 157 182 August, 1948,
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radius of curvature of the stylus tip is of the order of
the radius of curvature of the modulated sine wave in
the groove. Fig. 7, therefore, shows graphically the
relationship between frequency and radius of curva-
ture in the modulation, while amplitude of cut, radius
of groove, and turntable speed are parameters.

In this connection, it is intercsting to analyze a
constant-amplitude versus a constant-velocity cut. It
has been found practicable to record with constant
amplitude a 10-decibel lower average amplitude at 300
cycles than when a constant-velocity signal is en-
graved. This fact is shown graphically in Fig. 1. It will
be seen that in the higher frequencies, a constant-
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Fig. 7—Minimum radius of curvature in thousandths of an inch of
engraved sine wave. The velocity is 78 revolutions per minute.
The solid lines are for constant-amplitude recording and the
dotted lines are for constant-velocity recording.

amplitude cut has a higher amplitude of cut than is
the case for a constant-velocity cut. This means that
the radius of curvature for the modulated grooves will
be smaller for the constant-amplitude cut than for the
constant-velocity cut. But even so, the level to be ex-
pected in the upper-frequency range is so small that
even the higher recording level for the upper frequency
range does not cut modulations in the record with an
objectionably small radius of curvature. That thisis so
is borne out from the following considerations: The
distribution of energy of speech and music is shown®in
Fig. 8. The peak of the energy spectrum is in the
neighborhood of 300 cycles, and the contributing part
of a frequency of 5000 cycles is 24 decibels below the
signal level of the peak level. This shows how unlikely
it is that sufficient energy will be present in the high
frequencies o cause excessively small radii ol curva-
(ure of cul.

IV, INSTANTANLOUS RECORDINGS

Instantancous recordings may be cither constant
amplitude, constant velocity, or any combination of
the two which seems best. The turntable speed may be

¢ ITarvey Fletcher, “Some physical characteristios of specech and
music, Bell Sys. Tech., Jour,, vol, 10, pp, 349 -373; July, 1931, Other
works (o establish enerpy spectra ull speech and music have been
published more recently, hut all the data to date indicate a rapid
fall-off in (he higher frequencies,
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either 33% or 78 revolutions per minute. Such a great
lacklof standardization is, of course, not desirable, but
it seems that little can be done toward standardiza-
tion while such a great variety in number and quality
of cutters and recording machines exists. It has al-
ready been pointed out that good crystal cutters and
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Fig. 8—Most probable peak-energy spectrum for 75-piece orchestra.
The dotted line is an amplitude spectrum engraved by a con-
stant-energy input, using a constant-velocity characteristic. The
solid line is an amplitude spectrum of a 75-piece orchestra.

pickups, when used without any equalization whatso-
ever, will cut and reproduce a constant-amplitude cut.
Since such a characteristic has many advantages, such
as longer playing time and lower background noise, it
seems that such a characteristic must become increas-
ingly important and popular in the near future.

Record Wear

Instantaneous recording materials are, of course,
comparatively soft, and are very easily damaged by
badly shaped or rough-surfaced needles. Even when
properly shaped and smooth-surfaced, however, a
needle can quickly damage these soft cellulose-nitrate
disks if its mechanical impedance and pressure are too
high. Here, then, is a strong need for a lightweight
pickup. As a matter of faét, work has been done to
determine the critical stylus pressure which will cause
damage to an average cellulose-nitrate disk, and the
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Fig. 9—Friction versus stylus pressure of a reproducing stylus on
cellulose-nitrate recording material at 78 revolutions per minute.
Radius to cut=4% inches.
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results of these investigations are pictured? in Fig. 9.
In this figure, stylus friction is plotted against stylus
pressure. On an unmodulated groove, the friction
force is, up to about 55 grams stylus pressure, propor-
tional to the stylus pressure. On a groove modulated
with 200 cycles, the departure of the curve from pro-
portionality takes place just above 25 grams. The 2500-
cycle groove shows this effect above about 35 grams.
As soon as the relationship between stylus pressure
and friction force becomes unproportional, the stylus
begins permanently to deform the disk material, re-
sulting in excessive wear. This fact has been qualita-
tively confirmed by microscopic examination of the
grooves while the experiment was going on. The results
of this work indicate that no higher-stylus pressure
than about 1 ounce should be used, if permanence of
soft nitrate records is wished. It is obvious that only
carefully polished styluses should be used. The use of
a polished-jewel stylus is therefore strongly indicated.
The apparatus used in making these friction meas-
urements is shown in Fig. 10, and its construction and
use have been explained in detail” in the literature.

Fig. 10—Photograph of the device used to measure the reproducer-
stylus friction as a function of stylus pressure.

V. REcorpING TECHNIQUE AND PROBLEMS

The cutting of a really high-quality record into wax
or cellulose-nitrate requires not only a very fine ma-
chine, but also considerable knowledge on the part of
the operator. The cutting of records involves so many
variables that it is quite impossible to discuss them
all in this article. Some of the more important con-
siderations, as well as the results of some new investi-
gations, will be discussed at some length.

Turntable Power

It has been determined from measurements made in
The Brush Development Company laboratories, con-
cerning cellulose-nitrate records, that the tangential
force generated between the cutting stylus and the

" A. L. Williams, “Further improvements in light-weight record

reproducers, and theoretical considerations enterin into their de-
sign,” Jour. Soc. Mot. Pic. Eng., vol. 33, pp. 203-223g; August?llr9gg
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disk is fairly independent of the turntable speed,
within the speed range of interest. This force is, how-
ever, proportional to the cross section of the material
being removed. If a steel stylus be used, the cut is
approximately triangular shaped, since the stylus tip
may be ground very sharp; for this case, the force is
proportional to the square of the depth of cut. On the
other hand, the usual sapphire stylus has a rounded
tip, and thus cuts a groove with a rounded bottom.
Fig. 11 is calculated for the sapphire stylus, and shows
the cutting force as a function of the depth of cut.
These measurements (Appendix) give a good clue to
the power required to drive a turntable safely at a
constant speed. Fig. 12 shows this quantitatively. Nat-
urally, a large margin of safety must be used in a
practical system, but Fig. 12 is indicative, at least, of
the minimum power which is required. Figs 13 and 14
illustrate the device used for making the measurements
shown in Fig. 12.
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Fig. 11—Cutting force in ounces as a function of the depth of the
cut using a sapphire stylus on a cellulose-nitrate record rotated
at 78 revolutions per minute.

Of course, the material which is being cut ‘not only
loads the turntable, but also functions to load the
cutter when a modulated cut is being made. But obvi-
ously a cutter whose response is going to be dependent
upon the material it is cutting, is not a good cutter,
since the resistance of all cutting materials changes
somewhat from brand to brand and also from time to
time. Temperature and humidity also aflect most re-
cording compounds. To make a cutter independent of
these variables and also independent of depth of cut,
it is obviously necessary to provide a considerable
power reserve in the cutter. This would insure that the
same cut, as far as amplitude and frequency range are
concerned, could be expected in any recording ma-
terial, at any time.

Culter Design

The forces which the cutter can supply to the cutting
stylus are a function of the electrical and mechanical
impedances of the cutter. By properly selecting the
different impedance components, a cutter can be de-
signed so as to be independent of the afore-mentioned
variables. Cutters have been developed which are
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highly satisfactory from this point of view, and which
have such a high power reserve that cutting is not in-
fluenced by depth of cut or type of materials.

It is relatively easy to control the stiffness of a
crystal element, and it is therefore possible to con-
struct a crystal cutter whose resonant frequency will
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Fig. 12—Power required to drive the turntable against the cutter,
neglecting the friction losses in the turntable bearings. The
sapphire cut is 0.003 inch deep.

be in the upper audible frequency range. In such a
case, the vibratory system of the cutter will have a
high stiffness in the range below its resonant fre-
quency, and thus will be greatly independent of the
friction forces which the stylus must overcome while
cutting.

One such cutter® is shown in principle in Fig. 15.
A 4-ply crystal element is held by koroseal pads, giv-
ing not only a very stiff mounting support, but also a
suitable damping for reducing the peak at the natural
frequency of the cutter. The stylus chuck is connected
to one end of the crystal element, and this stylus
chuck differs greatly from the usual stylus mountings.
This chuck has a V groove which is bent in the form of
an arc, permitting the stylus to rest upon two points.
The stylus is pressed against the V groove by means of
a screw. The screw is mounted in the cutter housing,

Fig. 13—Device for measuring the recorder-stylus friction.

and its axis is located on the neutral axis of the cutter;
therefore, it does not participate in the motion of the
stylus. This eliminates any additional inertia which
would otherwise be necessary to move the screw. The

8 The Brush RC-20 crystal cutter.
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reason for using the chuck just described is to give the
stylus a very long support. After experimenting with
usual commercial styluses, it was found that such
styluses have a tendency to break up when cutting
higher frequencies, if not supported at sufficient points
over their length. The response frequency and distor-
tion of this cutter are shown in Fig. 16.

Momon or
\ TURNTABLES

Fig. 14—Device to measure the stylus drag.

With regard to the measurement of harmonic dis-
tortions of the cutter, it is rather difficult to obtain
an accurate picture of these distortions by recording
different frequencies, and making the measurements
during playback. When taking measurements in this
way, the errors while reproducing must be taken into
account. Furthermore, the flutter of the turntable
makes accurate measurements difficult; therefore a
direct method for taking such measurements has had
to be devised. It has been found that the optical
method gives the most accurate results, particularly
for a cutter which is not affected by the frictional
forces developed on the stylus tip while cutting. For
the case of the cutter under discussion, it has been
found by microscopic examination that the amplitude
of stylus swing is the same in air as it is in cuttin
cellulose-nitrate disks. '
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Fig. 15—Schematic diagram of the RC-20 cutter.

Fig. 17 shows in principle the arrangement used for
these measurements. A lamp, condenser, lens, and the
cutter, as well as a photoelectric cell, are mounted on
an optical bench. The cutter stylus is placed in the

Seplember

beam of light, and the moving cutting stylus changes
the area of light band, corresponding to the motion of
the stylus. The photoelectric cell will generate a volt-
age, therefore, corresponding to these changes. A har-
monic analyzer is connected to the output of the
photoelectric cell to make accurate readings possible.
Fig. 18 shows an actual picture of the device which
was used for these measurements.
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Fig. 16—Response curves of the RC-20 crystal cutter. The fre-
quency curve was recorded with 60 volts across the cutter. The
amplitude of the cut was 0.5 mil at 500 cycles. The curves were
taken on a constant-amplitude basis but the distortion curves
have been weighted for probable peak amplitudes. See Fig. 8.
Temperature =26 degrees centrigrade.

It has been suggested before in this article that it is
quite important that a cutter be rather independent of
depth of cut, temperature of material used for record-
ing, and of the material itself.

It is pertinent to ask at this point why it is so im-
portant to have a cutter which is independent of the
hardness of the material being used. There are really
two reasons: First, all instantaneous recording ma-
terials now available are affected by temperature, and
humidity affects some of them. Time also has a del-
eterious effect upon many of them. Thus their hard-
ness and resistance to cut varies not only from brand
to brand, but also from time to time within a brand,
depending upon conditions of humidity, temperature,
and age.

The second reason is that industry is now experi-
menting with new materials for cutting and already
some favorable materials are in sight. Some of these
materials are considerably harder than the cellulose
nitrate now being used.

Cellulose-nitrate has been almost the sole instan-
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Fig. 17—Device for measuring cross modulation
and distortion in cutters,
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taneous recording material, but it is expensive, and
its chips constitute a fire hazard. It has a tendency to
age and introduces distortions in a cut. These defects
make it a difficult substance to sell to the home-enter-
tainment field. It seems, then, quite obvious that the
near future will introduce other materials more com-
pletely to meet the requirements of the art.

Depth of Cut

There has been considerable discussion about the
different methods for keeping the cutting depth uni-
form. This is quite an important problem. The cutting
stylus has an approximately triangular shape, and
therefore the width of the groove depends greatly upon
the depth of cut. The deeper the groove is, the less
will be the wall thickness between the grooves for the
same number of lines cut per inch. Therefore, to ob-
tain the maximum number of lines and still retain
good coupling between reproducer stylus and groove,
it is necessary to keep the depth of cut constant within
close limits. Furthermore, the cellulose-nitrate records
now in use have an aluminum base and only a thin
coating of cellulose-nitrate. By cutting too deeply, it
is possible to break through the coating and to run
the stylus into the aluminum, thus destroying the
stylus tip and spoiling the record. It is therefore
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Fig. 18—Photograph of the optical bench.

necessary to provide a means for maintaining the
depth of cut at an optimum. Two to three mils depth
of cut are generally sufficient to meet these require-
ments.

Two methods are used for controlling the depth of
cut. First, the cutting head is counterbalanced in such
a way as to give sufficient average pressure on the
cutting stylus for cutting a suitable groove. Second,
an advance ball can be utilized, this ball to ride on the
surface of the record just ahead of the stylus, and being
adjusted in such a way with respect to the stylus point
that the stylus will penetrate into the record for a pre-
determined depth. In the latter case, a part of the
cutter weight rests upon the advance ball.

Both of these methods have their advantages and
disadvantages. Most record surfaces are uneven to a
certain degree. Measurements have been made to de-
termine the average unevennesses of typical recording
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disks.” Fig. 19 shows the vertical unevenness of such
a disk as a function of the angular position. The stylus
and cutter assembly must follow this unevenness. Lift-
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Fig. 19—The unevenness of a typical pressing.

ing the cutter by a hump in the record surface gener-
ates an additional pressure due to the mass of the
cutter assembly, adding to the normal stylus pressure,
and this results in a deeper cut. On the other hand, if
the stylus approaches a hollow, the mass of the cutter
assembly will develop a subtractive force, reducing
the normal stylus pressure and resulting in a more
shallow cut. These conditions can be aggravated to
such an extent that the stylus alternately may actually
not cut at all into the record or may cut completely
through the cellulose-nitrate coating. An analysis of
these considerations makes it necessary, if a counter-
balancing system for regulating depth of cut is used,
to reduce the moment of inertia of the cutter assembly
to a minimum in a vertical plane. This calls for a light
cutter and for a suitable arrangement of the pivoting
point of the cutter.

In the horizontal plane, however, the cutter should
be rigidly coupled to a considerable mass, in order that
it may represent a fixed point from which the stylus
may move. It may be added here that this pivoting
point should be ideally located in the record plane,
and, for practical applications, as close as possible to
the record plane, so as to minimize the effect of the
moment caused by the forces developed on the cutting
stylus, as indicated by Fig. 20.
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1{ the afore-mentioned condition can be met, the
counterbalancing system, to achieve uniform depth of
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cut, is not only the simplest, but also the best, method.
On the other hand, if the design of the cutter requires
considerable mass in the cutter assembly, the counter-
balancing system cannot be recommended and an ad-
vance ball is preferable. If such an advance ball is
used, it should be located very close to the stylus, so
as to reduce the effect of any differences in {he plane
of the record surface between stylus and advance-ball
location.

Feed Mechanism

With regard to the feed mechanism, any such de-
vice will be satisfactory which has no backlash and
which provides a rigid coupling between the turntable
motion and the cutter. Preferable are the feed mechan-
isms which move the cutter along a diameter across
the record, thus providing regular groove spacing and
no tracking error. For practical purposes, however,
where a simple and inexpensive feed mechanism is re-
quired, such as is the case in the home-entertainment
field, the cutter may be held on an arm like a pickup.
This arm may be coupled in any one of several ways
to the turntable to provide a feed. Such mechanisms
perform perfectly satisfactorily in their field.

Electrical Network

The Dbest turntable, cutter, and feed mechanism,
however, will not produce a good record if the micro-
phone and amplifier used are not adequate to the task.
As in every other system, a chain is no stronger than
its weakest link. Therefore, some consideration must
be given to the amplifier, and particularly to the driv-
ing network and driving stage of the amplifier. In the
home-entertainment field, it is quite likely that a
cutter will be driven by a pentode output tube, and
such a pentode output tube will develop considerable
distortion if it is not loaded with a resistive load of
the value recommended for the particular output tube
and voltages used. }

All cutters, either magnetic or crystal, have a vari-
able impedance with different frequencies. The mag-
netic cutter represents, for the greater part of the
audible range, an inductive load but at low fre-
quencies it 1s largely resistive. This means that its
impedance increases approximately proportionally
with frequency. The crystal cutter, on the other hand,
represents a capacitive load, meaning that its im-
pedance decreases while the frequency increases.
Therefore, if a pentode output stage is used, this out-
put stage should, in addition, be loaded with a resistor
so as to eliminate the effect of the changeable im-
pedance of the cutter. If, for some reason, it is not de-
sirable to use such a resistor, negative feedback is
recommended in conjunction with a pentode or beam-
power output stage.

A triode output stage is always more desirable,

since the harmonic distortion generated by it is largely
independent of load conditions,

Culter liqualizers

And now, a few words should be added regarding the
problem of matching a cutter to the output circuit of
an amplifier. A stiffness-controlled magnetic cutter re-
quires a constant current for a constant displacement
of the cutting stylus. The crystal cutter, on the other
hand, requires a constant voltage for a constant dis-
placement. Knowing, furthermore, the impedance
characteristic of such cutters and knowing the desired
cutting characteristic, it is not difficult to design a
suitable network for driving such cutters.

For constant-velocity recording, the magnetic cutter
referred to has to be supplied, up to the transition
frequency, with constant current, and above this
transition frequency, with a current changing inversely
with the frequency. This can be attained by making
the resistance of the driver circuit equal to the im-
pedance which the cutter represents at this transition
frequency.

The crystal cutter, on the other hand, requires a
constant voltage up to the transition frequency, and
thereafter a constant current. As before, this can be
obtained by making the resistance of the driver cir-
cuit equal to the impedance which the cutter repre-
sents at the transition frequency.

Constant-amplitude recording, in both cases, means
that this transition point will coincide with the upper-
frequency limit to be recorded. With this in mind, the
principle necessary for the design of the feeding net-
work remains the same; only the magnitude of the
various components changes.

This method of equalizing in recording constant
velocity does not, of course, provide a very sharp
transition point, but, on the other hand, there is no
reason for requiring such a sharp point. The gradual
turnover makes it very easy to equalize a pickup for
reproducing such a record.

APPENDIX
Device for Measuring Cutting Force

The device used to measure this cutting force is
shown in Figs. 13 and 14. Essentially, it consists of one
turntable mounted on top of another turntable. Con-
necting the two turntables are very smooth, friction-
less bearings, allowing the two turntables to turn easily
with respect to one another. A spring connects the
turntables; thus it follows that any force generated in
the plane of the upper turntable surface, perpendicular
to any radiiin the disk, will cause the spring to stretch,
resulting in a displacement between any two points on
the rims of the turntable. Affixed to these rims are two
identical scales, and these scales are read strobo-
scopically by means of a Strobotac, while the turn-
tables are rotating and while a cut is being made.



On the Right- and I eft-Handedness of Quartz
and Its Relation to Elastic and

. *
Other Properties
KARL S. VAN DYKE{, MEMBER, LR.E.

Summary—The confusion concerning the elastic_properties of
quartz which exists in the literature of the piezoelectric resonalor 1S
pointed out. Emphasis is placed on the accepted definitions of right
and left quartz and of right- and left-handed optical rotation, the dis-
regard of which by authors, logether with a rather free use of axial
systems of their own choosing, sometimes obscurely defined, is responsi-
ble for the confusion. ) )

An independent experimenial investigation is made of the interrela-
tions between piezoelectric polarization, oplical rotatory power, elastic
compressional compliance, and characteristic elch markings and
thereby with the natural face forms of the quartz. o

Particular care is laken to avoid any possible errors in sign in
relating these properties, and a number of such errors in the literature
are pointed out. )

The etch patlern on a quartz sphere is described as well as its use
as a reference standard in determining the orientation of quartz
resonators by means of the etch patterns on their faces.

INTRODUCTION

Importance of Elastic Properties in Resonator Behavior

HE elastic properties of quartz vary with the
direction of the strain. It is well known that

Young's modulus has different values parallel
and perpendicular to the optic axis. For oblique direc-
tions its value depends not only upon the inclination
with respect to the optic axis, but also upon the azi-
muth of the direction, that is, the angle that the plane
containing the optic axis and the given direction makes
with the X and Y axes of the crystal. Voigt! gives the
equations for its computation as well as the values of
the fundamental elastic constants which are involved,
and in an early paper? shows curves to indicate the
type of variation which is to be expected in the differ-
ent planes. Wright and Stuart® and Straubel® and later
others® computed curves for this elastic constant from
Voigt's equations.

The first hint of the importance of the elastic aniso-
tropy of quartz for the performance of the resonator is
found in the Meissner® paper of 1927. Here though the

* Decimal classification: 537.65. Original manuscript received by
the Institute, june 24, 1940. Presented in part before I.R.E.-
U.R.S.I., Washington, D.C., April 26, 1940, under the title “The
use of an etched sphere of quartz in identifying the orientation of
quartz plates.”
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pp. 519-553; September, 1931,

4+ 11, Straubel, “Schwingungsform und Temperaturkoeffizient
von Quarzoszillatoren,” Hochfrequenz. und I[ilekiroakustik, vol, 38,
pp. 14-17; July, 1931,

W, P, Mason, “Electrical wave filters employing quartz crys-
;:(1)1;4215 clements,” Bell Sys. Tech. Jour., vol. 13, pp. 405-452; July,

6 A. Meissner, “Piczo-clectric crystals at radio frequencies,”
Proc. LR.E., vol. 15, pp. 281-296; April, 1927,
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sides of the plates used were cut parallel to the crystal-
lographic axes the vibration was shown to be unsym-
metrical in the plate. Wright and Stuart and Straubel,
soon demonstrated the close connection between the
unsymmetry of the elastic properties and the direction
of the vibration. In the Mason paper of 1934 the use
of the elastic unsymmetry and the coupling between
two modes of vibration was developed to provide
resonators with selected frequency-temperature char-
acteristics.

Purpose of Present Paper

Unfortunately there are such differences in the con-
ventions used by the different authors, even obscurity
as to their precise conventions, that in a study of their
curves, their disagreement is almost more obvious than
the facts regarding the elastic moduli.

It is because of the diverse systems of axes used by
Voigt, Wright and Stuart, Mason, and Straubel in
their curves of the elastic properties of quartz, their
differing rules of signs, and the confused state which
has resulted, that it is here proposed to restate some of
the facts. These will be stated in terms of well-estab-
lished reference planes in the crystal, thus avoiding for
the purposes of this paper the adoption of any one of
the axial systems. We defer to a subsequent paper the
recommendation of a system of axes, which we believe
will avoid the confusion of those heretofore used, since
such a recommendation has to do with the setting up
of new conventions rather than the establishment of
accepted usage, which is the purpose of the present
paper. The nomenclature will conform to that widely
accepted by the physicist and the crystallographer.

AcciePTED DEFINITIONS AND CONVENTIONS
Right and Left Quartz Defined

Quartz occurs in two characteristic forms, right
quartz and left quartz. When these two varieties occur
mixed in the same crystal the quartz is said to be
twinned. Twinned quartz is of little use in making
piezoelectric resonators unless the twinned portions
are removed, for its behavior is both inferior and un-
predictable. Resonators cut from either right or left
quartz are equally effective and no differences between
the two kinds of quartz are known other than those
which are inherent in mirror imagery, except that the
left variety is found more frequently in nature.

The crystal of left quartz is the mirror image of that
of right quartz both in the external orientation of the
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planes of its faces and in the internal properties,
whether clastic, clectric, optical, or thermal. The or-
derly array of the atoms in one of these enantiomor-
phic forms is the exact mirror image of that in the
other, and this is, of course, the fundamental cause of
the relation of the left to the right crystal in both ex-
ternal and internal properties.

Crystallographers distinguish the left and the right
quartz by reference to the order in which the natural
crystallographic faces occur around the crystal. It is
their standard practice in describing the location of the
faces of such a crystal to place the crystal with the six
prismatic faces vertical, so situated that one of the
faces of the positive primary rhombohedron comes di-
rectly above the prismatic face that is most nearly to-
ward the observer. This prismatic face is usually made
to face slightly to the observer's left. The crystallog-

Left Quartz Right Quartz

Fig. 1—The two forms of quartz. (The right triangles
indicate characteristic etch figures.)

rapher designates the six prismatic faces as m faces and
the positive primary rhombohedral faces as 7 faces. As
is true of all faces on crystals of the class to which
quartz belongs the # face can occur in six places around
the complete crystal, three equally spaced around the
upper half of the crystal and three around the lower.
Stated differently, identical planes in the lattice occur
in sets of three inclinations and a given face can be
parallel to any one of these three. The crystallogra-
phers then define the quartz as left quartz if, with the
crystal held in the position stated, the trapezohedral
faces x and s, when present at all, occur at the left of
the # face; right quartz if the s and « faces occur at the
right of the 7 face (Fig. 1). These faces may not happen
to be developed on the particular crystal under exami-
nation, and one must then have recourse to other
tests in identifying the crystal as right or left.

Right and Left Optical Rotation Defined

One of the most useful of the correlated properties is
the ability of the crystal to rotate the plane of polariza-
tion of light when the light travels parallel to the optic
axis. In the very early days of discovery and applica-
tion of optical rotation there was confusion as to which
sense of rotation should be called right-handed and
which left-handed. Today, however, there is a well-
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established practice in this regard among physicists
and among chemists and mineralogists. The aceepted
convention is that the rotation of the planc of polarized
light shall be called right-handed when an observer
looking back toward the source of light through the
rotating medium turns the analyzer clockwise to fol-
low the rotation, left-handed if from this point of view
the rotation has been counterclockwise. In the alter-
native convention which is not in use today, the ques-
tion of right- or left-handedness was determined by the
clockwise or counterclockwise nature of the rotation,
as judged when one took the point of view of the light
in its travel from the source toward the analyzer.

By the accepted convention it happens that right
quartz, as defined by the crystallographer from the ar-
ray of its faces, is also dextrorotatory, while left quartz
is to be associated with left-handed rotation of the
plane of polarized light.” While there may be certain
logic in the earlier definition of right- and left-handed
optical rotation there is, so far as we are aware, no prec-
edent for extending the reversal of point of view from
the optical to the crystallographic. It is certainly to be
hoped that in the interest of a literature as free from
confusion as possible the well-established conventions
of the older fields of physics and crystallography will
be followed in the newer field of crystal resonators.

Elastic Properties of Right and Left Quarts

From the elastic data of the authors above referred
to, it is evident that Young's modulus follows a law
of variation with direction in the quartz which is sym-
metrical on the two sides of the optic axis, if the varia-
tion is limited to the XZ plane.® In this plane the maxi-
mum values of the modulus occur at angles of about 30
degrees from the Z axis. The symmetry in this plane is,
of course, obvious from the symmetry of the quartz it-
self, as is also the unsymmetry of the variation of the
modulus in the YZ plane. The conflicting conventions
and the vagueness about axial systems leaves room,
however, for doubt as to just which side of the axis in
the YZ plane to expect the modulus to take its maxi-
mum value, and which side its minimum. A key fact to
the interpretation or test of the correctness of the data
of others is the following conclusion from the present
experimental work. In this conclusion no convention of
the sense of axes is involved and its statement is true
for all axial systems and for right or left quartz: The
maximum value of Young's modulus in quarls occurs in a
direction which is approximately perpendicidar to an 7'
face of the crystal.

" R. B. Sosman, “The Properties of Silica,” Chemica
Co., New York, N. Y., 1927, p. 649, ’ ! Catalog

8 There is agreement regarding the definitions of XY, XZ and
YZ planes in the quartz, even though not in the senses of the axes
themselves. Hence reference will be made only to the planes. The
XY plane is perpendicular to the optic, or Z axis, the VZ plane per-
pendicular to some one of the prismatic faces and includes the optic
axis, and the X'Z plane perpendicular to these two planes; the latter
is, therefore, parallel to the bisector of the dihedral angle between
two adjacent prismatic faces. The X and Y axes areo frequently
called in the resonator literature the electric and the mechanical
axes of the crystal.
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Both the maximum and the minimum values at-
tained in quartz by Young's modulus or by its recipro-
cal, the compressional compliance, s33’, occur in the
YZ plane. More precisely, the maximum of the modu-
lus, or the minimum of the compliance, are found at
about 48 degrees, while the minimum of the modulus
and maximum of the compliance are at about 72 de-
grees from the optic axis.

It is the purpose of this paper to link these facts with
some of the other identifiable characteristics of direc-
tion in the quartz which are useful in determining
orientation. Thus pertinent facts regarding the charges
developed on compression, optical rotation, and the
figures which are produced by etching are investigated,
and in every case the sense of the phenomenon care-
fully checked with the facial configuration of the nat-
ural quartz.

It should be pointed out that there has been no at-
tempt to secure precision of numerical values in the
experimental work, but only certainty beyond all
doubt regarding senses of polarization, angles, optical
rotation, and etch figures, and to avoid any possible
confusion of right and left quartz.

The experimental data for the elastic tests as func-
tions of direction are not presented. They do, how-
ever establish the absolute correctness as to sense and
the approximate correctness as to value of the equa-
tions and constants as given by Voigt. And, though the
computed magnitudes are in agreement with the com-
putations of others, we plot another curve of values,?®
computed from Voigt to add to those of Wright and
Stuart, Straubel, and Mason (Fig. 2). In this figure
computed values of compressional compliance (s33")
are plotted in polar diagrams as radius vectors against
angles in the XZ and YZ planes. The curves are the
envelope of the function ssg’ (reciprocal of “Young's
modulus). No explicit rules of signs of angles are needed.
Directions in the two planes shown are plotted as they
appear when the polar diagram is held up in front of a
suitably oriented quartz crystal, or model. For the
curves in the XZ plane the crystals should be held in
the standard position in which a crystallographer draws
the crystal. For the curves in the YZ plane the reader
should face a dihedral angle between prism faces
rather than a prism face itself, and the angle should be
one of those three which terminate above and below in
s and x faces. Stated in terms of a piezoelectric test the
reader should look at an edge which becomes negative
on x, compression. Stated in terms of etch patterns
which develop on a quartz sphere he should be facing
the center of the “bar” to be later described. The ar-
rowheads shown in the figure indicate correctly the
sense of axes only in the case of right quartz with
Voigtl's conventions. In the figure for left quartz the
arrows are mirror images of these.

Comparison of I'ig. 2 with the curves of Straubel’ for
Young’s modulus shows the latter to be correct when

? Computed for the author by I, P, Blakeslee, in 1929,
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the intended senses of the axes are known. Straubel’s
reference is to an early work of Voigt!® but, as might
be inferred from the difference in the sign of the s1
term in the equation which he quotes from Voigt, and
in equation 456 on page 751 in Voigt’s “Lehrbuch der
Kristallphysik,” Voigt's axial conventions were dif-
ferent in 1898 than in 1910. Straubel’s axes are not
those of Voigt's well-known Lehrbuch. He makes a
diagram for the axes but this lacks essential data.
Mason’s® curves are found to be correct when inter-
preted in the light of the explanatory sentence in his
recent paper.’'2 Wright and Stuart's curves appear
to be correct though there is some confusion in their
statement of axes.

BT 7 TSN
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Confusion of Axes

The differences in choice of axes among the group
of authors already referred to are responsible for some
of their graphical data showing maximum values of
Young's modulus at +-48 degrees in the YZ plane, and
other data at —48 degrees. Agreement on this sign of
angles on the part of two authors is, however, not an in-
dication that their axial systems are identical. Mason®®
and Wright and Stuart, for example, use different rules
for signs in defining the sense of angles, while at the
same time they seem to choose opposite positions from
which to view the rotation which the angle specifies.

EXPERIMENT
Tests for Axes and Kind of Quarlz

In making the present determination we have avoid-
ed the possibility that an error in the sense of orienta-
tion by the lapidary who cut the crystals might affect
the conclusions. Several X-cut bars cut from different
crystals and making angles ranging from about 70 de-
grees on one side of the optic axis to 70 degrees on the
other side were used. All were about 50XS5 X5 milli-
meters, the long dimension making the angle in ques-

1 W, Voigt, “Die Fundamentalen Physilalischen Eigenschaften
der Krystalle in Elementarer Darstellung,” Teubner, Leipzig, Ger-
many, 1898. Page 164, also pages 100 and 169.

1 W, P. Mason, “Low temperature cocfficient quartz crystals,”
Bell. Sys. Tech. Jour., vol. 19, pp. 74-93; January, 1940, Compare
line 2 on page 80. :

1z W, P, Mason and G. W. Willard, Proc. LRI, thisissue, p. 428.

18 That is, after rewriting Mason's statements in terms of the
standard conventions as to right and left quartz.
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tion. Instead of using the data regarding angles given
by the lapidary, the angles of the bars were experi-
mentally determined after they were cut. This was
done by means of three tests. The first two supply the
complete information; the third, the etching test, con-
stitutes a completely independent check on the cor-
rectness of the other two.

Optical Rolalion Test

IFirst, each bar was tested for the right- or left-hand-
edness of the quartz. Since its surfaces were ground,
and thus not transparent when dry, the bar was wet-
ted with nitrobenzene. Then itwas held between crossed
polaroids in the path of a convergent beam of light
from a Sodium Lab-arc, and viewed through an eye-
piece. After the inclination of the quartz bar is adjusted
a system of concentric interference circles is seen when
the axis of the convergent beam coincides with the
optic axis of the quartz. By turning the bar the direc-
tion of the optic axis was located. The right- or left-
handedness of the quartz was then determined from the
following well-known rule! regarding the behavior of
these circles when the quartz has plane parallel sides.
Rotation of the analyzer in a clockwise direction, as
judged by an observer looking back toward the source
of light, causes the interference circles to expand if the
quartz is right quartz, contract if left.

Piezoeleciric Test

Second, each bar was subjected to a piezoelectric
test by which the sense of the charge on compression
was determined. The bars were all X cut. They were
submitted, for a double check, to both X, and Y,
stresses, by squeezing first parallel to X and then along
their lengths. These two tests, of course, gave oppo-
site polarities. It will later be shown that for either
right or left quartz it is the prismatic edge of the
crystal carrying the s and « faces which becomes nega-
tively charged on compression along the X axis. Thus,
by the optical and piezoelectric tests both the angle of
cut and its sense were determined in relation to the
natural crystal faces, as well as the right- or left-hand-
edness. This orientation of the bar with respect to the
faces of the natural crystal is best visualized by holding
the bar, with its optic axis and its charged faces suita-
bly oriented, before a model or a drawing of the right
or left quartz crystal, such as Fig. 1.

Etching Test

The third test was by means of the etch figures
which are developed on the quartz by the action of
concentrated hydrofluoric acid. The faces of the bars
were examined under the microscope and the figures
noted were compared with those on a quartz sphere
which had been similarly etched.'® A sphere, since it has

¥ A. E. H. Tutton, “Crystallography and Practical Crystal
Measurement,” Macmillan Co., New York, N. Y., 191!, p. 813,

16 The sphere had been etched a number of years ago in the hope
that it might be useful in determining the orientation of quartz
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clements of surface at every possible orientation, is a
particularly convenient standard of reference. By
means of the eteh figures, at least (wo of the surfaces
on cach bar were definitely identifiable as to both posi-
tion and orientation on the sphere. Thus, from this test
alone, its cut was determined to within a few degrees,
as well as the right- or left-handedness of the quartz.
The etched sphere which we had available was of left
quartz, and, as some of the bars were of right quartz,
allowance for this fact had to be made in the compari-
son.

A number of discrepancies in the literature are noted.
In addition to the confusion of axes and of right- and
left-handedness already mentioned, we find in two op-
tics texts'®17 the obsolete definition of the sense of op-
tical rotation; in one optics'® and one crystallography!?
text drawings of right and left quartz misnamed, and
in two other cases?®?! error in the relation of the etch
figures to the right- or left-handedness of the quartz.
Except for those in the texts of Edser and Taylor all of
these are believed to have been mere typographical er-
rors and not instances of adoption of a different definj-
tion of right- and left-handedness of the quartz. Edser
and Taylor are among the oldest of the texthooks ex-
amined and thus are considered to be decidedly out-
weighed by the complete agreement of the many newer
standard advanced texts with one another.

Elastic Test by Resonance Frequency

The long-dimension resonance frequency for com-
pressional vibrations of each bar was determined and
the effective values of Young's modulus along its
length computed from the equation relating fre-
quency #, Young's modulus E, length 7, and density p,
n=1/21X~/E/p. As has been stated the resulting elastic
constants are in good agreement with values computed
from Voigt and plotted in Fig. 2.

plates. Since that time an excellent set of photomicrographs of the
etch figures which develop at various positions on a spherical quartz
surface has been published by W, L. Bond, “Etch figures of quartz,”
Zeit. fiir. Krist., vol. 99, pp. 488-198; August, 1938.

51004E. Edser, “Light,” Macmillan Co., London, England, 1902,
p. 504.

Y L. W. Taylor, “College Manual of Optics,” Ginn and Co.,
Boston, Mass., 1924, p. 163.

8 F. A. Jenkins and H. E. White, “Fundamentals of Physical
Optics,” McGraw-Hill Book Co., New York, N. Y., 1937, p. 370.

Y F. Rinne, translated by W, S, Stiles, “Crystals and the Fine
Structure of Matter,” E. P. Dutton and Co., New York, N. Y.,
1922, p. 36. In this book were noted two cases of omission of es-
sential data for the complete interpretation of drawings. On page 27
are shown apex views of left and right quartz crystals, but it is not
stated which is right and which left. They can be idegtified by com-
parison with our Fig. 4. On page 130 sulphur and red-lead patterns
on a quartz crystal are shown; not only is there no statement
whether the charges which caused the figures were developed on
warming or cooling the crystal, but the figure and its explanation
are also ambiguous.

2°0. Meyer and S. L. Penfield, “Results obtained by etching a
sphere and crystals of quartz with h ‘drofluoric acid,” Trans. Conn.
Acad., vol. 8, pp. 158-165; December, 1889,

2 P, Groth, “Krystallographie,” Wilhelm Engelmann, Leipzig,
Germany, 1905, Taf. 111, shows on his drawings of quartz crysta?s
microscopic triangles on m faces drawn in the opposite sense from
those found by the present author, left-handed right triangles on a
right-handed erystal, and vice versa. The etching medium, however,
was warm potassium carbonate instead of hydrofluoric acid.
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THE QUARTZ SPHERE
The Etch Pattern on a Quartz Sphere?

The pattern which develops on the quartz sphere in
the etching process helps to make more concrete the
relations between the two enantiomorphic forms and
to emphasize the fact that it is the internal structure
of the quartz which determines the orientation of the
natural faces of the crystal.

Our sphere was first polished and then immersed in
concentrated hydrofluoric acid at room temperature.
The first areas to show the action of the acid were the
regions around the poles of the optic axis. Here tri-
angular areas consisting of tiny triangular pyramidal
marks appeared in ten or fifteen minutes. After a num-
ber of hours of etching the large-scale pattern shown
in the photographs (Fig. 3) was fully developed. Its
outstanding characteristic is that it has the symmetry
of the quartz crystal. There are the two triangular areas
mentioned which mark the axis of trigonal symmetry.
These have now developed extensions from their ver-
texes which curl around the sphere like the tentacles
of an octopus. In Scott Laboratory the figure is called
a “tripus.” The direction of curl is characteristic of the
left quartz of which the sphere is made. The “tripus”

Fig. 3—Two views of the etch pattern on a S50-millimeter left
quartz sphere. At the left, view toward an m face with an r face
above it. At the right, view along optic axis.

represents the area of most rapid action of the acid.
In Fig. 4 the “tripus,” which appears, of course, only
on a sphere, has been sketched for reference on the
apex view of the faces of right and left quartz with due
regard to orientation about the trigonal axis. This shows
very strikingly how this region of most rapid etching
extends along the intersections of 7 faces and then
stays just ahove the 7’ and s faces as they border on an
r face. The trigonal symmetry, in addition to being
obvious in the “tripus” itself, is evident also in the
pattern found near the equator of the sphere, the cen-
ter of each “tripus” regarded as marking a pole. The
equator is divided by the etching into six regions of
60 degrees each. Three alternate sections around the
equator are oblique parallelograms with their shorter
diagonals along and their shorter sides perpendicular

o= The author is indebted to Karl S, Van Dyke, Jr., for assistance
in the detailed study of the etch patterns on the sphere.
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to the equator. The diagonals do not show, for the
equator has no distinctive marking within the parallel-
ogram, and the whole area of the parallelogram has al-
most the same sheen, due to the very slight action by
the acid.

The parallelograms are joined by a clear marking of
the line of the equator itself between parallelograms.
This line has some breadth, is slightly wider in the mid-
dle than at its ends, but is nowhere wider than one

Left Quartz

Right Quartz

Fig. 4—Drawings of quartz crystals, “Tripus”
sketched on apex view.

tenth of the sphere’s radius. In this paper this line
pattern is called a “bar.” Upon microscopic examina-
tion it is seen to consist of fine etched straight lines all
parallel to the optic axis, i.e., perpendicular to the
equator, the length of these etched lines being the
width of the “bar.” The complete pattern, except for
the “tripus,” is rather difficult to see from any one po-
sition as it seems at first to consist merely of slight dif-
ferences in the sheen of the surface. One must rotate
the sphere from one position to another, depending
upon the illumination, to bring out first one part of the
pattern and then another. For this reason it is par-
ticularly difficult to photograph. But by rotation as
suggested the pattern is seen to be geometrically much
simpler than corresponding diagrams given by Nack-
en.” The parallelogram pattern is seen also in the
photographs (Fig. 5) by Meyer and Penfield?® whose
paper is perhaps the best-known work on the etching
of a quartz sphere. Though they left their sphere in the
acid for a month the polish still remained on these
parallelogram areas. Their sphere in this time was re-
duced in the direction of the optic axis to a small part
of its original diameter by the action of the acid. We
should point out that we suspect the Meyer and Pen-
field sphere to have been of left quartz though they
state it to have been right. Our conclusion is based on
the inclination of the parallelograms, for this too is
characteristic of the right- or left-handedness of the
quartz. We judge their parallelogram to be inclined to
the left in their Fig. 6 (our Fig. 5(b)), and our left
quartz sphere also develops a large-scale parallelogram
pattern with its longer sides sloping upward to the left.

% R, Nacken, “Atzversuche an Kugeln aus Quarz und a-Quarz,”

Neues Jahrb. Min., 1, pp. 71-82, plates 10 and 11, 1916. Repro-
duced in Sosman, footnote reference 7, pp. 508, 509, and 513.
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On a right quartz sphere, by the laws of mirror imagery,
the inclination would have been upward to the right.
Meyer and Penfield based their conclusion as to the
right-handedness of their sphere on electrical tests, the
familiar Kundt's red-lead and sulphur patterns de-
posited on a crystal which is cooling, and give a ref-
erence to von Kolenko* for the interpretation of their
test. We have verified the statements of von Kolenko
in this regard finding them to be correct. But we find

(@) (b)
Fig. 5—Sphere of quartz after long continued etching. (Reproduced
from Meyer and Penfield, footnote reference 20.)

that Meyer and Penfield have drawn a conclusion as
to the kind of quartz from the fact that yellow sulphur
deposits on the parallelogram area, while the fact is
that the sulphur deposit must occur on this area on
spheres of both right and left quartz as is obvious
from considerations of mirror imagery. From this test
they were not justified in drawing any conclusion as
to right- or left-handedness. They apparently made
no optical test. -

From considerations of the symmetry of the etch
pattern and of the quartz crystal itself, combined with
the piezoelectric test, we identify regions of the etch
pattern with the natural faces of the quartz. The
digonal (X or electric) axis is obvious, running from
the middle of a bar to the middle of the parallelogram
diametrically opposed, but its sense must be deter-
mined electrically. Here wé find, in accord with the
red-lead and sulphur test mentioned, that on compres-
sion along X a negative charge is developed at the
middle of the etched “bar,” and this should be true
for either left or right quartz. Von Kolenko showed
that the negative charge on X, compression occurred
at those edges between prismatic faces which termi-
nate in the trapezohedral x and s faces. Thus on the
etched sphere s faces are located immediately above
and below the middle of a “bar.”

In the Kundt test it is the charges which develop
due to the strains set up on heating or cooling the
quartz which are responsible for the separation of the
red lead and the sulphur. Care must be taken to dis-
charge the surface of the quartz before the heating or
the cooling takes place. One possible source of error,
which may yield charges of the wrong sig‘n, is to dis-
charge the surface before the cooling has set in through-
out the entire quartz. If the cooling method is to be

% B, von Kolenko, “Die Pyro-elektricitit des Quarzes in Besuch
aus sein Kristallographisches System,” Zeit. fiir Krist., vol. 9, pp.

1-28, 1884.
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used the quartz first should be heated gradually
enough to avoid fracturing it, and the heating then
discontinued for a period long enough to reverse the
temperature gradient?® throughout the quartz before
discharging preparatory to the development of the
cooling charges. Further cooling then produces a con-
sistent charge pattern. The charges which are set up
on cooling, i.e., due to a temperature gradient such
that the internal temperature is higher than that of
the surface, have the same signs as those which are
developed by X, compression, and the red-lead de-
posits on the places which would become negative on
this compression. Charges which develop on heating
have the opposite sign because of the opposite sign of
the gradient.

From the crystallographers’ measurements? of the
angles between faces and from the definition of left
quartz in terms of the order of the faces it is now a
simple matter to locate the poles of all of the faces of
the natural crystal on the etched sphere. The faces
thus located are marked on both the right and left
spherical models shown in Fig. 6 in which the bounda-
ries of the large-scale etch pattern have been drawn
in white on black spheres for emphasis of the patterns.
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Fig. 6—Models of left and right quartz spheres showing outlines
;)ffftjch patterns and the poles of the faces. (Left quartz is on the
eft.

Note that the four corners of the parallelogram are
marked by m and 7 faces. The long sides of the paral-
lelogram mark the great circles on which all of the faces
lie but only the m and 7 faces actually border on the
parallelogram itself, the others lying rather on the ex-
tensions of the line of the long sides.

Etch Figures

-

One further consideration from the etch figures is of
interest. The microscopic figures which make up the
large-scale pattern also have orientations which are
characteristic of the kind of quartz. Thus in the posi-
tion where the sphere’s surface is parallel to an m face

* Quartz, of course, does not exhibit try icity, i

; ) ) ] e pyroelectricity,
which charges appear for a uniform change in tem%)érature tlh:-o)llxg}llrj
out t};e entire c”rl);stal. It shows rather, what Voigt termed, “false
pyroelectricity. temperature gradient is requi :
O quired for the develop-

% A, E. H. Tutton “Crystallograph i

1, y and Pra
Measurement,” Macmillan Co., New York, N. Y., I%tfialpcgggtal
, P. .
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there are the microscopic right triangles which crys-
tallographers describe for etched m faces. On left
quartz the triangles are of a left-handed variety (Fig.
2), while in right quartz they have the opposite sense.
The more acute vertexes of the right triangles which
appear on m faces always point* toward the » faces.?!

It is to be noted that Bond’s" photomicrographs of
an etched spherical surface show figures which enable
us to identify his quartz as right quartz. His paper is
thus written in the accepted convention. In addition
to the right-handed triangles which are recognizable in
his Figs. 1 and 3 there can be seen in Fig. 4 a micro-
scopic parallelogram. A few such microscopic figures
can be seen on our sphere also, located as Bond shows
them to be at the end of the X axis which becomes
positively charged on X, compression. That is, on our
sphere they are in the center of the large-scale paral-
lelogram. Furthermore their inclination is opposite to
that of the large-scale parallelogram in which they
occur. The left inclination of Bond's small parallelo-
gram figure also shows his quartz to be right quartz.
He does not show the large-scale patterns at all.

Optical Rotation in a Quartz Sphere

The test by which we determined the left-handed-
ness of the quartz sphere will be described. It also
indicates the method of assuring ourselves that the
sphere was free from optical twinning. Several spheres
which were twinned have been etched in this labora-
tory, but always with resulting irregularities of pat-
tern.

When a sphere is tested for right- and left-handed-
ness the observer must be on his guard against drawing
false conclusions. With the polished sphere between
crossed polaroids in monochromatic light, systems of
concentric light and dark circles can be seen for-a num-
ber of orientations of the sphere. Such circles may come
from two causes, rotation of the plane of polarized
light and double refraction in the quartz. The latter
phenomenon is not directly useful in the present test,
and is responsible, independently from the rotatory
property, for circles?® which are most distinct when the
optic axis makes an angle of 45 degrees with the plane
of polarization.

The rotation of the plane of polarization occurs for
light traveling along the optic axis. Concentric circles
due to this property in quartz spheres look character-
istically different from those of pure double refraction,
being somewhat more coarse and, if the sphere is in
air, thowing a peculiar “bull’'s-eye” or central ring
which appears to the eye to be in a different plane
than the outer circles, and to be nearer to the eye
than the surface of the sphere itself. Photographs of
these systems of rings due to optical rotation in the
sphere are shown in Figs. 7 and 8. In Fig. 7 the sphere

*T Allowance must be made for the inversion of the image in
the microscope. The sense shown in the present paper is that of the
figures on the quartz.

_® For a discussion of the formation of a system of circles of
this general type in a concave doubly refracting plate see Tutton,
footnote reference 14, p 659,

Van Dyke: Right- and Left-Handedness of Quartz

405

was in air, and in Fig. 8 it was immersed in nitroben-
zene.??

When the sphere is in air the refraction conditions
are such that it is difficult to arrange for the light to
consist of parallel rays within the sphere. No light at
all traverses the peripheral regions of the sphere, and
when the beam is convergent or divergent the Maltese
cross is superimposed on the rings. With suitable im-
mersion there is no refraction at the surface of the

Fig. 7—Rings in 80-millimeter quartz sphere in air with
) convergent polarized sodium light.

Fig. 8—Rings in 80-millimeter quartz sphere in nitrobenzene with
parallel polarized sodium light. Slight twinning is noticeable.
The shaded area which is slightly eccentric to and surrounds the
ring system is entirely outside of the sphere and is due to the
container,

sphere and it is a simple matter to secure a parallel
bearn which will traverse the full cross section of the
sphere parallel to the optic axis. Rotation is then pro-
portional to the lengths of chords parallel to the optic
axis.

For the 80-millimeter sphere in nitrobenzene, of
which the photograph of Fig. 8 was taken, there are
seen to be, as there should be, eight or nine dark rings.
There is one ring for each 180 degrees of rotation of
the plane of polarization and this rotation is well
known to be 21.7 degrees per millimeter for the sodium
D lines. The sense of the rotation in a quartz sphere is
that which must be given to the analyzer to cause the
ring system to contract, for this rotation continually
makes the chord length greater while effecting the con-
traction of a circle.

When the sphere is not immersed and the light
travels through some parts of the sphere obliquely to
the optic axis there is opportunity for error in deter-
mining the rotatory sense of the quartz from the con-
traction of the circles. Comparison of the rule just
given for a parallel beam in the sphere with that given
earlier® for a convergent beam in a bar shows the two
rules to be just opposite. Where the light is oblique
forming a cone around the optic axis double refraction
combines with optical rotation to produce a greater
number of circular fringes. Depending on the angular
field of the light in the quartz either contraction or

2 Monobrom benzene has an index of refraction which is nearer
to that of quartz but is not usually so readily available.

3 The earlier rule is conveniently restated: The sense of the
optical rotation (convergent light in a fat plate) is the same aa

that which must be given to the analvzer tq cause the ring system
to expand.



expansion of these circles may be obtained for the
same quartz sphere and the same rotation of the
analyzer. In general, however, if when the sphere is
not immersed the unaided eye be placed several sphere
diameters away from the sphere and a diffusing screen
near the sphere be used as the source, the rule given
for the immersion case (where the light is parallel to
the optic axis in all parts of the sphere) can be used.

Left Quartz Right Quartz

Fig. 9—Stereographic projections of left and right quartz
with etch pattern and etch figures indicated.

The great advantage of immersion is that it permits
the entire sphere to be examined for twinning, while
the available section is limited when the sphere is in
air, as may be seen from a comparison of Figs. 7 and 8.
In Fig. 8 there are observable at the lower left-hand
corner of the picture breaks or irregularities in the five
outer circles. This is an indication of a very slight
amount of twinning of the quartz in that region, the
intrusion of the twinned growth having a rather com-
mon pyramidal structure. The photographs of the sys-
tems of circles shown here were taken on a larger
sphere than the one used in the etching experiments.
The etched sphere, which was about 50 millimeters in
diameter, was judged to be entirely free from twinning
since its system of concentric rings consisted of un-
broken circles throughout its full cross section.

The Stereographic Projection

Some of the facts of the crystallography of quartz
are summarized on the stereographic projections of
Fig. 9. This projection is a common device of the crys-
tallographer to show the relationship of the crystal
faces to the symmetry. Two projections are really in-
volved. First, in a spherical projection the faces of a
natural crystal are projected onto a sphere and are
there represented by the poles of the faces. At such a
pole the sphere is parallel to the face in question. The
etched sphere itself may be conveniently regarded as
a spherical projection of the quartz crystal, and it is
the poles of the faces in such a projection which have
been indicated by dots in Fig. 6 and whose positions
have been related to the etch pattern. The poles on
one hemisphere of the spherical projection are then
projected stereographically onto the plane of the equa-
tor by means of chords drawn from the poles of the
faces to the far pole (in the other hemisphere) of the
axis of trigonal symmetry. These chords locate the
poles of the faces in the stereographic projection at the
points of their intersection with the plane of the equa-
tor. Owing to the symmetry of quartz the poles of all
faces lie on three great circles in the spherical projec-
tion and on three arcs in the stereographic projection.
In the projection of Fig. 9 the poles of the faces of only
the upper hemisphere are shown.

The stereographic projection which is shown differs
from those commonly found in crystallographic texts
by the inclusion of data on the etch pattern of the
sphere, also projected from the sphere stereographi-
cally. In the figure the upper halves of the parallelo-
gram are shown; also the “bars” alternating with par-
allelograms around the equator, which is the full outer
circle of the diagram, and the “tripus.” Individual
microscopic etch figures have also been indicated for
some of the characteristic positions.

The Generation for Television of Horizontal
Synchronizing Pulses from Vertical Pulses

by Means of Impulse Excitation”
JESSE B. SHERMANT, ASSOCIATE, IL.R.E.

Summary—Impulse excitation is employed to produce horizontal
synchronizing pulses for television directly from the vertical pulses.
The simple equipment to do this and to produce odd-line interlaced
synchronizing are described.

INTRODUCTION

HE production of related synchronizing pulses
is commonly accomplished by starting with a
stable oscillator operating at the horizontal fre-
quency, and deriving the vertical frequency by divi-

* Decimal classification: R583. Original manuscript received by
the Institute, June 24, 1940. .

1 Electrical Engineering Department, The Cooper Union, New
York, N. Y.

<
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sion in several multivibrator stages.! It is also neces-
sary to synchronize the vertical frequency with that
of the power supply, in order to render stationary the
hum patterns produced on the kinescope screen by
residual power-supply ripple in the system.? This is
accomplished by comparing the low-frequency multi-
vibrator output with the power-supply frequency in

! Donald G. Fink, “Principles of Televisi i
McGraw-Hill Book Co., New York, N. V.. 1040, p. 405 " "8
*R. D. é{e“. A. V. Bedfox;_d, imd M. A. Trainer, “Scanning
sequence and repetition rate of television ; »
vol. 24, pp. 559-576; April, 1936. ion images,” Proc. I.R.E.,

September, 1940




Sherman: Generation of Synchronizing Pulses by Impulse Excitation

some form of phase detector which actuates an auto-
matic-frequency-control circuit. This in turn operates
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Fig. 1—Schematic wiring diagram.

on the original high-frequency oscillator, so that depar-
tures of the derived low frequency from the power-
supply frequency produce compensating changes in
the oscillator frequency.!

It was desired to obtain interlaced scanning in the
laboratory without this extensive arrangement, and
the present method was accordingly developed.

PRINCIPLE OF METHOD

In the present method, an impulse at frame fre-
quency is applied to a circuit tuned to the required
high frequency. With pure impulse excitation, the

Fig. 2—884 cathode current pulse.

number of free oscillations which occur for a given
ratio of initial amplitude to final amplitude (T,/1,) is
given by?
Io
log, —
8 1

n

)

where the logarithmic decrement 8=R/2fL. The Q
(wL/R) required for a given ratio Io/I, and a given
number of oscillations is thus

nm

Iy
log,
6 I

():

n

If the ratio of initial amplitude to final amplitude is
not too great, the familiar process of amplifying and
clipping can be applied to obtain from the damped
wave train a rectangular wave of constant amplitude.
The actual Q of the coil used can be made of secondary
importance by the use of regeneration to reduce the
effective decrement.

2 Bureau of Standards, Circular no. 74, “Radio Instruments and
Measurements,” second edition, 1924, p. 92,
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CIRCUIT

The circuit employed is shown in Fig. 1. The impulse
is produced by means of the type 884 gas triode. Con-
denser C, is charged through resistances R and R4 and
is discharged when the striking potential of the tube is

Fig. 3—Voltage across L, without regeneration.

reached, producing the usual saw-tooth wave form in
the plate circuit. During discharge, most of the con-
denser voltage appears across the external cathode

Fig. 4—Voltage across L; with regeneration.

impedance, giving the current pulse shown in the os-
cillogram of Fig. 2. The pulse frequency is 60, and is
synchronized with the 60-cycle-per-second power sup-
ply. This current is induced in Lz by inductive cou-
pling with L;.
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Fig. §

Rectangular-wave output.

When C3=0.005 microfarad, the circuit tunes from
about 5.5 kilocycles to about 5.6 kilocycles. The oscil-
logram of Fig. 3 shows the voltage produced across
L, at these frequencies by the pulse of Fig. 2, without
regeneration. On introducing regeneration by cutting
in Ry, the voltage shown in Fig. 4 is obtained, the
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amplitude at the end of the train depending of course quency but in the difficult fashion to be expected of a
on the amount of feedback introduced. After leaving sine-wave oscillator. This last condition is probably of
the regenerative tube (954), the damped train is suc- little interest. The first can he achieved by using a good
coil so that little or no regeneration is necessary. The
second i1s of value in the application described below.
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Fig. 6—Circuit for illustrating production of interlace.

cessively amplified and clipped in the two type 6N7
double triodes. The clipping is accomplished by driving
each triode beyond cutoff. The clipped output is shown
in Fig. § to a 60-cycle time base, the oscillograph sweep
being somewhat nonlinear.

Fig. 10—Noninterlaced raster.
METHOD OF OBTAINING ODD-LINE INTERLACE

Let the tuned circuit be adjusted so that an even
number of high-frequency cycles occur between driv-

Fig. 7—Pulses for noninterlace—first condition.

When the amount of feedback is zero or slight, the
frequency can be set by means of C, to any value with-
out regard to the pulse frequency and will remain as
constant as the tuned circuit permits, the 954 input
admittance of course being part of the circuit. As the
feedback is increased, the circuit tends to lock posi-

Fig. 11—Interlaced raster.

ing pulses, and let a relaxation oscillator operating at
half the output frequency be synchronized from the
output. Then successive driving pulses will bear an
identical time relation to the half-frequency oscilla-
tions. If, however, the tuned circuit is adjusted so that
an odd number of high-frequency cycles occur between
Fig. 8—Pulses for noninterlace—second condition. driving pulses, then alternate pulse intervals will be

tively at multiples of the pulse frequency. When the
feedback is so great as to permit self-oscillation, the
circuit also tends to lock at multiples of the pulse fre-

}
H

Poexpases

Fig. 9—Pulses of interlace, Fig. 12—Top view of chassis.




identical, and successive pulses will be displaced with
respect to the half-frequency by one half the period
of the latter.

The circuit of Fig. 6 can be used to illustrate the
preceding. The 884 operates at half the frequency of
the square wave of Fig. 5. Its cathode pulse is mixed
in the 6N7 with the original 60-pulse-per-second sig-
nal, so that both appear in the common 6N7 plate
circuit. The oscillograms of Figs. 7 and 8 show the
relation between the 60-pulse-per-second signal and
the half-frequency derived signal when C, of Fig. 1 is
adjusted to give an output frequency of 60X 92 = 5520.
Either Fig. 7 or 8 may be obtained depending on the
instant of locking of the half-frequency oscillator, the
frequency of which can be seen to be 60X 46=2760.
When C, is adjusted to give an output frequency of
6093 =5580, the oscillogram of Fig. 9 is obtained,
showing 461 half-frequency cycles. This, with constant
vertical-deflection amplitude, is the condition for odd-
line interlace.

Fig.10 shows a scanning raster corresponding to Figs.
7 or 8. Fig. 11 shows the interlaced scanning raster cor-
responding to Fig. 9. The vertical-deflection frequency
is 60, synchronized with the 60-pulse-per-second sig-
nal of Fig. 1. The horizontal deflection is taken from
the saw-tooth output of Fig. 6. The only change from

Fig. 10 to Fig. 11 was the 60-cycle difference in tuning
Cs. :
APPARATUS

The apparatus of Fig. 1 has been built into a chassis
measuring 7 X9 X2 inches, and is shown in Figs. 12 and

Fig. 13—Underside view of chassis.

13. The inductances L; and L, are honeycomb coils,
while Lj is a small radio-frequency choke coil mounted
on the base of L,. Terminals are provided for external
connection of C3 to make various frequencies available.
Frequencies of the order of 20 kilocycles have been
produced without difficulty.

Field Strength of Motorcar Ignition
Between 40 and 450 Megacycles*

R. W. GEORGEf, ASSOCIATE, LR.E.

L 4

Summary— Measurements of motorcar-ignilion peak field strength
were made on frequencies of 40, 60, 100, 140, 180, 240, and 450 mega-
cycles. Propagation was over Long Island ground and the receiving
antennas were 35 feel high and 100 feet from the road. Under these
conditions, the average field strength varied about 2 to 1 over the fre-
quency range. Curves show the maximum field strength versus fre-
quency for 90, 50, and 10 per cent of all the measurements. Vertical
and horizontal polarization are compared showing slightly greater field
strength, in general, for vertical polarization. New cars, old cars, and
trucks are compared showing no large differences of ignition field
strength.

Some of the factors involved in molorcar-ignition radiation are
mentioned. Theoretical propagation curves are included and the meas-
uring system is briefly discussed.

I T IS generally appreciated that motorcar ignition
produces radio waves which are rather difficult to
measure and evaluate. The annoyance factor of

ignit\ion interference cannot be established without
reference to the type of communication service, the
nature of the intelligence to be received, the over-all
discrimination against, or tolerance for such interfer-
ence, propagation factors, and the sources.

Ignition interference can, for a large number of serv-
ices, be estimated when the probable peak value of

* Decimal classification: R270. Original manuscript received by
ghe lnstltqte, May 27, 1940, Presentecﬁ joint l.R.E.-B.R.S.l. meet-
ing, Washington, D. C,, April 26, 1940.

t R.C.A, Communications, Riverhead, L..I., N. Y,

September, 1940

ignition field strength is known. It is not practical to
consider in this paper all the factors involved, but a
given application will indicate the factors, some of
which may be evaluated from the experimentally de-
rived peak ignition field-strength curves. These curves
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Fig. 1—Geometry of propagation paths.

were made from data taken with the receiving antenna
35 feet high and 100 feet from a standard two-lane
highway near Riverhead, L. I., N. Y. The peak ignition
field strength of each car was measured as it passed
the point nearest the antenna.

The geometry of the propagation paths is shown in
Fig. 1. This receiving antenna height and distance
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were chosen as being what might be considered a fairly
common receiving condition. If the height / above
ground of the ignition source is assumed to be 2 [eet,
the angle of reflection 0 is about 20 degrees which is
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Fig. 2—Motorcar-ignition radiation, horizontal polarization. Peak
field strength versus frequency for a 10-kilocycle band. 90, 50,
and 10 per cent of all cars and trucks produce less than the field
strength indicated by the curves. Receiving antenna 35 feet
high and 100 feet from road.

near the Brewster angle for Long Island ground. For
this condition it was thought that vertically polarized
waves would be received with a minimum of indirect-
wave interference and therefore indicate the relative
power radiated at the different frequencies. Appar-
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ig. 3—Motorcar-ignition radiation, vertical polarization. Peak
F gﬁeld strength vegrsus frequency for a 10-kilocycle band. 90, 50,
and 10 per cent of all cars and trucks produce less than the field
strength indicated by the curves. Receiving antenna 35 feet
high and 100 feet from road.

Seplember

ently too many unknown transmission factors are in-
volved to assume this to be true.

MEASURING [ZQUIPMENT AND METHODS

The receiver was of the superheterodyne type cover-
ing from 60 to 500 megacycles. The input to the first
intermediate-frequency amplifier of 40 megacycles
was brought to terminals to permit reception of 40-
megacycle signals. The second intermediate-frequency
amplifier at 4.1 megacycles was equipped with a rela-
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Fig. 4—Motorcar-ignition radiation at 40 megacycles for hori-
zontal polarization. Curves show per cent of cars or trucks giving
less than the indicated peak field strength for a 10-kilocycle
band. Receiving antenna 35 feet high and 100 feet from the
road.

tively strong local oscillator to beat with incoming

signals. The audio-frequency output was passed

through a 5-kilocycle low-pass filter in order to deter-
mine the band width corresponding with the peak
measurements. The filter output was subsequently
amplified and measured by means of a peak-voltage-
indicating instrument. The peak-indicator circuits
were such that only one or two short impulses, the
minimum lengths of which were determined by the
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Fig. S—Motorcar-ignition radiation at 40 megacycles for vertical
polarization. Curves show per cent of cars or trucks giving less
than the indicated peak field strength for a 10-kilocycle band.
Receiving antenna 35 feet high and 100 feet from the road.
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band width of the audio-frequency filter, were re-
quired to charge the condenser in a resistance-capaci-
tance time circuit to over 90 per cent of the peak volt-
age of the impulse. The charging time was on the order
of 15 microseconds. A decay-time constant of 1 second
was used. This gave sufficient time to read the peak
deflection on a properly damped milliammeter which
was indirectly operated by the voltage across the time
circuit.

Calibration of the peak indicator was obtained by
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Fig. 6—Motorcar-ignition radiation at 180 megacycles for hori-
zontal polarization. Curves show per cent of cars or trucks giv-
ing less than the indicated peak field strength for a 10-kilocycle
band. Receiving antenna 35 feet high and 100 feet from the road.

reference to signal frequencies supplied by standard-
signal generators connected to the transmission line
in place of the antenna. Over-all equipment calibra-
tions of this kind were made at each frequency. Half-
wave dipoles were used to provide known anteana con-
stants. At 450 megacycles, the dipole was backed by a
parabolic reflector giving 11 decibels gain over a dipole
in free space. This gain at 450 megacycles was desir-
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Fig. 7T—Motorcar-ignition radiation at 180 megacycles for vertical
polarization. Curves show per cent of cars or trucks giving less
than the indicated peak ficld strength for a 10-kilocycle band.
Receiving antenna 35 feet high and 100 feet from the road.
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able in order to provide signals strong enough to
override the receiver noise. It is estimated that the
errors of measurement were within plus or minus 2
decibels.

The equipment was set up on a level plot of ground
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Fig. 8—Motorcar-ignition radiation at 450 megacycles for hori-
zontal polarization. Curves show per cent of cars or trucks giv-
ing less than the indicated peak field strength for a 10-kilocycle
band. Receiving antenna 35 feet high and 100 feet from the
road.

having a frontage clear of obstructions for over 100
feet on both sides. A few power and telephone wires
on the opposite side of the road were not considered to
be objectionable. Between 22 and 50 cars of each classi-
fication were measured at each frequency and polariza-
tion.

DaTa

The peak ignition field-strength data are summarized
in a general way in Figs. 2 and 3. It will be noted that
all data in this paper are for a band width of 10 kilo-
cycles. '
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Fig. 9—Motorcar-ignition radiation at 450 megacycles for vertical
polarization. Curves show per cent of cars or trucks giving less
than the indicated peak field strength for a 10-kilocycle band.
Receiving antenna 35 feet high and 100 feet from the road.
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Figs, 4 and 5 are for horizontal and vertical polari-
zation, respectively, showing the maximum ficld
strength for 0 to 100 per cent of new cars (approxi-
mately 1936 o 1940 models), old cars, and trucks, at
40 megacycles. Figs. 6, 7, 8, and 9 are data of the same
type for the frequencies of 180 megacycles and 450
megacycles.

FFigs. 10 and 11 are theoretical propagation curves
based on the use of a transmitting antenna 2 feet high
and a receiving antenna 35 fect high. Calculations for
both horizontal and vertical polarization are for re-
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Fig. 10—Theoretical propagation curves for horizontal polariza-
tion. Field strength at distancze d equals the field strength meas-
ured at a distance of 100 feet, times the indicated factor_ K.
Transmitting and receiving antennas 2 feet and 35 fect high.
Propagation over ground having a dielectric constant of 10 and
negligible conductivity.

flection from earth having a dielectric constant of 10

and negligible conductivity in order to conform reason-

ably with the conditions under which the previous
data were measured. From these curves the field
strength at distances from 50 to 200 feet can be esti-
mated by multiplying the actual field strength meas-
ured at a distance of 100 feet, by the indicated fac-
tor. The height of the transmitting source is assumed
to be 2 feet which may be reasonable, however, this
factor is probably variable and is difficult to deter-

mine.

CONCLUSIONS

Although these data are not comprehensive nf' lh.(r
subject, they do show that appreciable 111()101'.(':11'-1;41”_
tion interference can he expected at frequencies up to
450 megacycles. The height of the source above ground
is indefinite. The radiation from the ignition system
undoubtedly is modified by the body of the car which
surrounds it. The polarization of the radiation can bhe
of all kinds. IFurthermore, these and other particulars
are subject to variation even between cars of identical
design. There are several factors which are favorable
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Fig. 11—Theoretical propagation curves for vertical polarization.
Field strength at distance d equals the field strength measured
at a distance of 100 feet, times the indicated factor K. Trans-
mitting and receiving antennas 2 feet and 35 feet high. Propaga-
tion over ground having a dielectric constant of 10 and negligible

conductivity.
to the production of ignition interference at the higher
frequencies. More or less obvious, these are improved
propagation conditions due to increased phase differ-
ence between direct and reflected waves at a given
point except for short distances; and the metal sec-
tions of the car and the ignition leads are more com-
parable in size with short wavelengths, thus acting as
less effective shields and more effective radiators. It
will be apparent that the radio-frequency power in igni-
tion systems could fall off considerably with increasing
frequency and still produce substantial field strengths.




A Useful Network Theorem’
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Summary—A theorem is developed for finding the steady-state
vollage between two points 0 and 0’ of a network having the following
characteristics. Any number of (linear bilateral) impedances meet al
the junction 0'. The voltages from 0 lo the opposite ends of these im-
pedances are <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>