


limit is about 25 centimeters per second. While higher veloci-
ties can be achieved with specially designed cutting styli and
at larger distances from the center of the record, we have
rarely found modulation velocities greater than 25 centimeters
per second in the 800 to 2500 Hz frequency range.

A theoretical limitation in the high-frequency region is based
on the assumption that records should not be cut with a radius
of curvature of modulation less than 0.7 mils (0.0007 inches).
The reasoning for this is that such modulation would cause
excessive distortion when the record is played with a stylus
having a tip radius of 0.7 mils. In 1966, we stated that many
records had been found to exceed this theoretical limit. In the
next section. we will review our most recent findings on this
subject.

Tracking Requirements Imposed by Commercially
Available Records in the Audible Frequency Range

A study was made of a large collection of “difficult-to-track™
records in order to update our information on trackability re-
quirements in the audible frequency range. The results of this
study are shown in Fig. 2.

Many of the records included in this study were suggested to
us by critics and customers. while others were discovered by
our engineers. These records contain some of the most difficult-
to-track passages found in phonograph records. The records
are all of good quality, worth having in one’s collection, but
with characteristics that for one reason or another make them
difficult to play. It was felt that this collection would consti-
tute a reasonable sampling of problem records that a top-
quality phonograph system should be able to reproduce with
minimum distortion.

On each of these records, difficult-to-track passages were
identified, and the modulation velocity and frequency for
each passage were measured. Each of these measurements
was then plotted as a point in Fig. 2. The envelope of the points
presents a picture of the maximum recorded velocities found
in this sampling of phonograph records illustrated as a func-
tion of frequency.

One point of information that should be interjected here is
that some of the points in Fig. 2 would not appear to be dif-
ficult to track in terms of modulation velocity and frequency.
The measurements we have made assume single-frequency sig-
nals. Many of these passages actually contained a number of
signals at different frequencies. the dominant one being present
in Fig. 2. The total trackability requirement is actually the sum
of those imposed by all of the frequencies acting simul-
taneously. It is also probable that the existence of warps in
some of these records aggravated the tracking problem.

Superimposed on the scatter diagram of points in Fig. 2 are
the “quasi” theoretical maximum velocity limits one would
expect for recorded modulation velocity. Note that in the low-
frequency region, from 20 to 800 Hz, and in the mid-frequency
region, from 800 to 2500 Hz, none of the measured points ex-
ceeds this curve. This is in agreement with the statements made
previously regarding the 0.005-centimeter (0.002-inch) ampli-
tude limit and the 25 centimeters-per-second velocity limit in
the low- and mid-frequency regions. The theoretical high-
frequency limit is exceeded by many points, however, and it
seems reasonable to assume that records have been and will
continue to be cut with very high modulation velocities in the
high-frequency region.

There are several reasons for the existence of high-velocity
program material in the high-frequency region of phonograph
records. High-frequency. high-level signals provide a means of
broadening the dynamic range and producing impressive high-
frequency sounds from records. Also. no significant mechanical
or electrical restriction is placed on the cutting equipment in
this region. It is obvious from the puints on Fig. 2 that cutters

are capable of achieving very high modulation acceleration.
The only major restriction that the recording engineer ap-
parently considers is the ability of the cutter to inscribe this
high-level. high-frequency program material without “burning
out” the equipment!

The conclusion reached from the reexamination of track-
ability requirements in the audible frequency region is that the
major problem area still lies in the high-frequency region. The
theoretical limits in the low- and mid-frequency regions are
reasonably well defined and held. In the high-frequency region.
at this point in time, our objective appears to be one of maxi-
mizing trackability with no clear limit as to the maximum that
must be achieved.

Evaluation of Commercially-Available Records—
Subaudible Frequencies

The tracking requirements imposed by the record can be
significantly affected by the existence of warps and thickness
variations in the record. Consider, for example, one of the
difficult-to-track records we measured. The trackability re-
quirement of the modulation in the record groove may be
sufficient to drive the phonograph cartridge to the limit of its
ability to play that modulation on a perfectly flat record. In
such a case, all the available stylus force is used up just to
play the groove modulation. Now, think of what will happen if
the record is warped. In addition to being required to play the
high-modulation velocity in the record. the cartridge must also
follow the warp undulation. This will cause additional stylus
force to be used up. The addition of the warp. therefore, could
be enough to cause mistracking because of a lack of available
stylus force. Since high modulation velocity and warp can and
do happen simuitaneously, it is very important for us to learn
more about warp of commercially-available records.

Warp appears on records primarily in the form of subaudible
frequencies—that is, below 20 Hz. A study was performed to
determine the amplitude as well as the frequency band in
which warps occur. The method involved was to examine a
significant number of randomly-chosen records by making
measurements of the surface contour variations. These con-
tour measurements were than analyzed to determine the ampli-
tude and approximate frequencies of the warps.

A measuring technique was developed that provided a pro-
file of the record surface as a function of angular position
around the circumference of the record. Figure 3 presents a
series of typical profiles. The vertical axis shows amplitude of
the warps in thousandths of an inch: the horizontal axis shows
angular position in degrees for 360 degrees around the record
i.e.. a full revolution. Figure 3 also shows several examples of

TR
RECORD A'.OIO . 2 L_
l_"_ 1\ a’s.‘:”:vu
.i_ a0 nLJ‘uu
RECORD B. < AT3SIRPM
ONE REVOLUTION OF THE RECORO ———-|
RECORD C. —; M

SIOE
2

siDE <
0= B
RECORD D. APPROX. 030 IN.
.

Fig. 3—Examples of actual surface contours found on com-
mercial phonograph records.
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the maximum amplitude with the available tracking force.
At low frequencies, this ability is determined primarily by a
parameter that we call the dynamic compliance of the stylus.
The compliance figure normally specified for phono car-
tridges in **107* centimeters per dyne” is the static compliance;
that is, the compliance that would be measured under static
conditions. Dynamic compliance is measured while the stylus
is in motion and is normally smaller than the static com-
pliance.

At some low frequency, the tone arm-cartridge system will
exhibit a resonance determined primarily by the interaction
of the dynamic compliance of the stylus and the effective
mass of the tone arm-phono cartridge combination. At and
near the resonance frequency. the motion of the stylus rela-
tive to the tone arm will be many times that of the exciting
signal. This will then significantly reduce the ability of the
pickup to track the groove modulation. It is essential, there-
fore, that we minimize as far as is practical the probability
of exciting this resonance.

To further examine the effect of tone arm-cartridge
resonance, let us consider an experiment as depicted in Fig.
6. Here we have a tone arm and cartridge mounted with a
device that can drive the stylus at a constant amplitude with
varying frequency. Such a device could be the coil-magnet
assembly of a loudspeaker. We will measure the output of
the phonograph cartridge as the frequency is varied from a
very low frequency up to 100 Hz. We will assume for the
purpose of this example that this particular system resonates
at 10 Hz.

At one-half Hz. the tone arm and cartridge move up and
down together as a unit. There is little relative motion be-
tween the stylus and the tone arm. Since the stylus moves
only slightly with respect to the tone arm, little electrical
signal is generated and we can plot point | of Fig. 7.

As the frequency of the input signal is raised, we begin to
discern more relative motion between the stylus and the tone
arm. Keep in mind at this time that the total system is moving
up and down with the driving device. and we are now ob-
taining an additional motion of the stylus relative to the tone
arm. This produces some output. as shown at point 2 of
Fig. 7.

As the system approaches resonance. the tone arm moves
in ever-increasing amplitude, reaching a violent motion at
10 Hz. There is considerable relative motion between the
stylus and the tone arm, and considerable electrical output
from the cartridge (point 3. Fig. 7). This is the resonance
frequency.

As the frequency is raised above 10 Hz. the relative ampli-
tude of motion between stylus and tone arm decreases, and
at about 40 Hz becomes constant with increasing frequency.
At this point, the tone arm is standing still and all of the
motion is taking place in the stylus. This is the condition
under which the phonograph system is supposed to operate in
the recorded frequency range. At these frequencies, one can-
not see movement of the stylus with the naked eye.

There are two very important observations to be made from
this experiment. First, the movement of the cartridge-tone arm
system at and around resonance can cause considerable diffi-
culty in tracking, and the frequency at which this resonance
occurs must be determined with great care. Second, motion of
the cartridge-tone arm below, say, 20 Hz is an indication that
the system is having some difficulty. It is important to minimize
the possibility and probability of generating such motion.

Optimizing the Resonance Frequency of
the Cartridge-Tone Arm System

The optimum resonance frequency for the cartridge-tone arm
system can be deduced from Fig. 5. The figure shows that the
mimimum amplitude for warp and recorded groove modulation
is in the region around 10 Hz. By measuring the cartridge-tone

arm system at low frequencies in a manner similar to that just
described, we can determine the low-frequency trackability of
the system. A typical low-frequency cartridge-tone arm track-
ability curvc is shown in Fig. 8, which also repeats the warp
and recorded groove modulation velocity requirements of Fig.
5. In order to optimize the system, we should place the point of
minimum trackability (the resonance frequency of the tone
arm-cartridge system) in the region of minimum warp and rec-
ord modulation velocity; that is, around 10 Hz.

The two major factors that affect the resonance frequency
are the mass of the tone arm-cartridge system and the dynamic
compliance of the stylus. Increasing the mass of the system will
lower the resonance frequency and tend to raise the amplitude
of the resonance, or, conversely, decrease the trackability. In-
creasing the dynamic compliance will also decrease the reso-
nance frequency. By adjusting these two parameters, one can
find an optimum frequency for the minimum point of the track-
ability curve. This optimum frequency is in the range between
7 and 15 Hz where there is a minimum of groove modulation
and warp input to excite system resonance.

From the standpoint of phonograph cartridge design, it is
necessary that the cartridge be made to operate with available
good quality tone arms. A survey of tone arms indicates that the
effective mass can be expected to fall in the range of 13 to 30
grams. (This includes typical cartridge mass.) This, then, sets a
definite restriction on the dynamic compliance of the cartridge.
Using the information obtained as to the optimum resonance
frequency and the range of effective tone arm masses, we can
calculate the optimum dynamic compliance for a phonograph
cartridge to be in the range of 20 to 25 microcentimeters per
dyne (107* cm/dyne).

The conclusion we have reached is most significant with re-
gard to optimizing the design of a phonograph cartridge. We
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Fig.6—Method for measuring tone arm-cartridge resonance.
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Fig. 7—Output of cartridge as drive frequency is changed near
tone arm-cartridge resonance.
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