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Here is an authoritative and practical guide
to the technology of magnetic recorders
used in such fields as audio recording,
broadcast and closed-circuit TV, instrumen-
tation recording, and computer data sys-
tems. The most up-to-date circuitry, the
newest techniques, and the latest innova-
tions are covered in easy-to-understand
language, with a minimum of mathematics
and many helpful illustrations.

The book discusses the applications, ad-
vantages, and limitations of magnetic re-
cording; its basic principles and theory of
operation; and its practical operating and
maintenance procedures. Up-to-the-minute
in every respect, it includes information on:

¢ Cassette and cartridge recorders

e TV recorders

e Direct and FM signal electronics from low-
band to very wideband

e Servo-control and signal record/playback
circuitry

e Capstan, reel, and head-drum servos for
longitudinal, rotary, helical-scan, and disc
recorders

Discussed here are the design concepts,
manufacturing procedures, and operating
parameters for a wide variety of modern
magnetic heads, tapes and discs, and rotary
and longitudinal transports. Also thoroughly
treated are mechanical assemblies such as
brakes, guides, holddown knobs, indica-
tors, and controls. Definitions of terms used
for audio, instrumentation, and TV record-
ing are included as appendixes.

Here is a long-needed reference on the
basic principles, applications, and opera-
tion of today's magnetic recording systems.
With this book, you have all the information
you need to make the correct selection of
tape, to choose the correct recording sys-
tem for the task at hand, and to operate
and maintain your equipment at peak
efficiency.
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Preface

As the magnetic recording industry continues to expand, the demand for
trained technicians with a workable knowledge of the basic principles
involved with magnetic recording has grown also. The author, formerly
the senior instructor for the instrumentation Training Department of the
Ampex Corporation, was hard-pressed to find an adequate reference book
that contained the basic principles of magnetic recording. To meet this
need, he coauthored a company-sponsored publication titled “General
Magnetic Recording Theory.” It was an instant success, and copies of
this publication are used all over the world as a reference on tape re-
cording and for training tape-recorder technicians.

Unfortunately, that publication has several limitations with respect to
current tape recorders. It was written over ten years ago, and much of
the information is not up-to-date. In addition, it does not contain infor-
mation on cassette/cartridge, rotary-head, and helical-scan recording,
and does not delve into the servo-control and signal record/playback
circuitry. To correct these limitations, a new book has been written.
This book includes a discussion of the most up-to-date circuitry, the
newest techniques, and the latest innovations in the magnetic recording
ficld. It also enlarges on the basic descriptions contained in the original
coauthored publication.

xn



xiv Preface

It presents the basic concepts of magnetic recording in easy-to-
understand language, with a minimum of mathematics and many simpli-
fied sketches. Although this book presents no new theories on magnetic
recording, it does provide a convenient reference on the basic concepts
of magnetic recording and related equipment. It is designed for use by
the layman, student technician, or engineer that is entering the field of
audio recording, broadcast and closed-circuit television, instrumentation
recording, and computer data storage. It also covers areas of interest
associated with magnetic recording, such as tape manufacturing and
design and construction of magnetic heads. Definitions of terms used
for audio, instrumentation, and television recording are included as
appendixes.

Grateful acknowledgment is made for the generous assistance of
Mathew McGillicuddy, Loren Clark, Wayne Eaton, Thomas Oliver,
James Alford, Robert Kane, and James Lawson, who made available
technical data or read sections of the manuscript and offered invaluable
suggestions.

Thanks are also due to the following manufacturers and to the entire
magnetic recording industry for assistance in providing information that
helped to make this book complete: American Telephone and Telegraph
Co., Long Line Dept.; Ampex Corporation; Data Disc, Inc.; Minnesota
Mining and Manufacturing Co.; Philips Corporation of Holland, Printed
Motors, Inc.; Radio Corporation of America; and Sony Corporation of
America.

Finally, general acknowledgment is made to all the technicians and
engineers whose published achievements and practical developments
have made the magnetic recording industry what it is today.

Charles E. Lowman
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CHAPTER ONE

Why Magnetic Recorders

INTRODUCTION

Nearly everyone is familiar with the uses of a magnetic tape recorder
for audio purposes, since the recording of speech and music for entertain-
ment purposes is a common fact. Undoubtedly, the progress made in
this field has been dramatic. But even more spectacular, and much
less understood and appreciated, are the advances that have been made

in magnetic recording for instrumentation, digital, and video purposes.
These types of magnetic recording concern themselves with measure-
ments, data’acquisition and storage, data translation, and data conversion
and analysis. They are an important part of recording, editing, storage,
and public presentation of entertainment material over the television
networks. They play an important part in modern closed-circuit tele-
vision, computers, and industrial machine control. They are an integral
part of our research programs in medicine, space, telemetry, and under-
sea exploration. They play a vital role in mathematics, and in our
culture in general. With the aid of the magnetic recorder, the trans-
portation industry has given us safer, more comfortable, and ecasier-
handling automobiles, buses, trains, and airplanes. Millions of subscrib-
ers to numerous weekly and monthly magazines and journals get their
1



2 Magnetic Recording

copies on time because a magnetic recorder was used to print the
address labels. The purchase of an airline ticket and the rapid confirma-
tion of space on connecting flights are served by magnetic recording.

SOME WAYS IN WHICH MAGNETIC RECORDERS
ARE USED

Aerospace Acquisition of Data

Often the components of a data acquisition system are separated by
large distances. This could be the separation between a rocket and
its receiver station. It could be the distance from the data center to
the data analysis center. The transmission of information can be done
by simply carrying a reel of magnetic tape from one point to another
or via telephone line, microwave links, or a telemetry system. In Fig.
1-1, transducers are inserted throughout the test vehicle to measure the
stresses and strains, temperature, pressures, and fuel-flow information,
etc. These transducers are normally wired to an encoder, in which
their outputs are combined. If the test vehicle is nonrecoverable, the
data will be transmitted to various airborne or ground receiving sta-
tions. However, as backup, it is usual to include a magnetic recorder
in the vehicle. This will permit the ground operator to extract set

Chase plane

Maognetic
recorder

Tronsducers
Decoder

Encoder Receiver

Magnetic
recorder Telemetry ship

Tronsmﬂer// @

Receiver  Decoder Magnetic
recorder

Ground or mobile station Ground or mobile station
postdetection predetection
Magnetic . netic
Recerver -1 Decoder ,e°cg,de, Receiver ’:Ae%%rder

Fig. 1-1 Aerospace acquisition of data via telemetry.
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amounts of information from the vehicle upon command. In this fash-
ion, repeat information may be obtained in place of weak or bad
telemetry transmissions that are momentary in nature.

Time-base Expansion and Contraction

On occasion, the bandwidth of the data is very much wider than the
transmission line. For example, a telephone line can handle information
up to about 3,000 Hz, whercas the data could be as much as 100,000
Hz. To solve this particular problem, a magnetic tape recorder could
be used. The data are recorded at a high speed, then reproduced at
a slow speed into the telephone lines. This speed reduction reduces
the frequency of the data from the magnetic tape. On the other end
of the telephone link, a slow-speed magnetic tape recorder would be
used to record the incoming data from the line. When the data are
played back at the analysis center, a higher rate of tape speed is used
to make the time base the same as it was when the data were originally
recorded. Thus a magnetic tape recorder may be used to overcome
the limitations of a low-frequency transmission line. Conversely, if the
data were relatively low frequency and the transmission link were
capable of handling information of much higher frequency (as through
a microwave link), a very small proportion of the microwave-link capa-
bility would be used if the data were transmitted in its original form. In
this case the original data would be recorded on a magnetic tape
recorder at low speeds and played through the microwave link at much
higher speeds. Many hours of recording could be transmitted in
minutes across the microwave link, resulting in a reduction of cost and
full utilization of the capabilities of both the magnetic tape recorder
and the microwave link.

Frequency-division Multiplexing

When thousands of measurements are to be made, the object of instru-
mentation recording is to encode, package, and mix all these thousands
of measurements in such a way that a magnetic recorder can be used
most effectively. There are various ways of doing this, one of which
is frequency-division multiplexing. Referring to Fig. 1-2, it can be seen
that if the output of 18 transducers were fed into 18 separatc voltage-
controlled oscillators (VCO), each of the VCOs would act as a carrier
for its transducer input. The carrier frequencies are normally chosen
to conform with IRIG Standards (Inter-Range Instrumentation Group).
The output of each VCO can be treated as a separate entity, since
it occupies a discrete band of frequencies, much as each one of the
radio stations in any one area occupies its own band of frequencies.
The output of all the VCOs could then be combined in a mixer stage
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Fig. 1-2 Frequency-division multiplexing.

and fed to a tape-recorder channel. In this way 18 separate signals
from 18 transducer sources can be recorded on a single track of a mag-
netic tape recorder. Upon reproduction, the multiplex signals are fed
to a number of filters, each of which accepts the band of frequencies
corresponding fo the individual VCO output. From the filters, the sig-
nals are fed to individual FM discriminators, where the data are ex-
tracted and sent to the readout devices.

FM/FM Systems

When a magnetic tape recorder has a wide bandwidth, by using a system
of translators, it is possible to multiplex many IRIG groups of 18 carriers,
each group occupying an 80-kHz bandwidth. Using a 2-MHz recorder,
20 groups of 18 signals may be recorded on each of the tracks of the
recorder. If the system contains 14 tracks, a total of 5,040 individual
signals can be recorded at one time, provided that the frequency require-
ments of the output of each transducer are low (Fig. 1-3). Other multi-
plex systems are used when the frequency requirements of the trans-
ducers are wide.?

MAGNETIC RECORDING DEVICES IN SCIENCE
AND MEDICINE

There are many applications for magnetic recording devices in science
and medicine, although a particular device may take different forms,
such as memory cores, discs, drums, loops, and reels.

! Refer to IRIG Standards, Document 106-71, and H. L. Stiltz, “Aerospace Teleme-
try,” Prentice-Hall, Inc., Englewood Cliffs, N.]J., for morc details on optional multi-
plex systems.
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In the Apollo program, close watch is kept on the body functions
of the astronauts through the combination of medicine and electronics.
This combination is called medical electronics. It might be defined
as the application of electronic techniques to medicine, including diag-
nosis, laboratory work, and therapy.

Electronics may be used to help find out what is going on inside
our bodies, since the body itself acts as a generator of signals. The
brain, for example, generates electrical signals, as does the heart and
other muscles. The heart and the lung generate audible signals. The
kidneys and the thyroid do not produce either sound or electrical poten-
tials, but they can be tricked into making signals that can be monitored.
As the mechanical action of the heart produces sounds, so also does
it set up electrical-potential differences that can be measured each time
it contracts and relaxes. Whenever electrical potentials or audible
sounds are produced, they can be recorded on a magnetic recorder.

Electrocardiograph

The electrical waveform produced by the heart action is familiarly
known as the electrocardiograph, or EKG. EKG is widely used to study
heart action. Figure 1-4 illustrates the setup generally used for these
measurements.
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A complete EKG system can be
seen here. Note the electrodes
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to the storage system and visual
readout devices

Oscill-

Electronic >
Electrodes il on ograph r—

I p-»iCounter te—d Potentials generated

Pre omp|
Pre amp during contraction and
Brood- reloxotion of heart muscie
O D y band irzes zIIs 5%
’ amp o 5 5

T~
[
Tope |1 :
tl rec. |1 B
Timing : : i
|
Il Tape I
t| repro |
|
Oscilt- l—--{--—l
oscope [*

Fig. 1-4 Electrocardiography.

Electroencephalograph

The brain, like the heart, gives out electrical signals. These signals
can be monitored with an electroencephalograph, or EEG. The EEG
records from pairs of electrodes placed over the scalp. The exact wave-
shape that will be produced will depend on the location of the pairs
of electrodes and the activity and the condition of the brain. When
information of this type is stored on a magnetic tape recorder, the doctor
can play back the information for leisurely study. He can speed it
up or slow it down. He can play it as many times as he wishes so
that nothing is missed.

Radioactive Tracers and Transducers

When an organ in a body does not itself give off electrical energy,
radioactive tracers are often used. The rate at which the tracer is ab-
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sorbed by the organ is used to determine the condition of that organ,
as in thyroid examinations. A method such as this is often used to
detect cancer. Likewise, patients are often given small electronic trans-
ducers to swallow. These tiny combination transducers and radio trans-
mitters are used to report the condition of the patient’s stomach and

intestines, etc. Many persons are living today because of this new and
exciting field of medical electronics.

UNDERWATER SEISMOLOGY

Another application of magnetic recording is underwater seismology. In
this field scientists are enabled to calculate, to a very accurate degree,
the depth of the ocean floor and the types and thicknesses of the sedi-
mentary formations to be found there.

Explosive charges are set off at predetermined depths from a moving
ship. Other ships stationed at discrete intervals pick up the sounds
of the underwater explosion with hydrophones. The timing of the
sounds . reflected from the ocean floor and the various rock layers is
compared with that of the original explosion. From this relationship
calculations can be made regarding depth, type of material, and thick-
ness of the various formations.

THE TAPE RECORDER AS A FILING CLERK

We have all been overwhelmed from time to time by the shear mass
of paperwork that has been fed to us. Insurance companies have this
problem on a large scale. They are hard-pressed to take care of the
many thousands of transactions that occur each day. A misplaced data
card could create havoc. Using a magnetic tape recorder as a filing
clerk, the records can be changed quickly. They are always correct,
and they reflect the business just transacted. Records on tape save
time, because the master file can be brought up to date in a single
day. This new filing system also saves space, because the recorders
take up less room than paper files or punch cards.

THE ERMA SYSTEM

Banks also have turned to the tape recorder and the computer to keep
up with the increase in today’s business transactions. One of these
banking systems, the Bank of America’s ERMA (electronic method of
accounting) system, is shown in Fig. 1-5. ERMA takes thirty-two
millionths of a second for each step in processing a checking account. It
can do all sorts of jobs, such as sorting, reading, posting, and record
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keeping of 110,000 accounts in slightly over three hours. Compared
with a human clerk’s 245, ERMA can post 33,000 accounts per hour.

Magnetic recording is an exciting, ever-expanding field. Its growth
is continuing at an almost unbelicvable rate. As such, it demands of
the industry a rate of development that ten years ago was believed
impossible.

This book describes the development of magnetic recording, its in-
herent capabilities, and the principles of operation of magnetic recorders.



CHAPTER TWO

The Development and
Advantages of
Magnetic Recording

THE DEVELOPMENT OF MAGNETIC RECORDING

Magnetic recording did not just happen, but rather it was the marriage
of many sciences such as acoustics, magnetics, electromagnetism, and
electronics, in countless ycars of rescarch and study. Its development
is closely rclated to man’s attempt to capturc and preserve the sound
of the human voice.

As carly as the third century B.c,, Heron of Alexandria developed
a device that could imitate the cries of animals. Much later, in ap.
1791, DeKempelein of Vienna published a description of a “talking
machine that could be made to speak short sentences.”  Neither of these
devices recorded sounds, but rather were used to imitate them.

There is no record of anyone recording the human voice until a young
French typographer, Leon Scott, deposited a paper with the Academy
of Sciences, in 1857, in which he described his invention, the phonauto-
graph. His device consisted of a barrel-shaped plastic speaking horn.
The upper end was left open, while the lower end was fitted with a
4-in-diameter brass tube, across which was stretched a flexible mem-
brane. A stiff pig's bristle was fastened to the outside of the membrane
to act as a stylus or pen. A smoked-paper cylinder was rotated beneath

9
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Fig. 2-1 Principles of Scott’s phonautograph.

the pig’s bristle. When sounds were directed into the horn, the mem-
brane and bristle moved back and forth and traced the waveforms as
a wavy line on the smoked-paper cylinder. There was no way in which
the wavy lines could be reproduced as sound, but for the first time
man was able to see “sound pictures of his voice.”

Refer to Fig. 2-1 for an illustration of the principles of Scott’s
phonautograph and the first side-to-side, or lateral, recording of voice.

From this simple start came the dcvelopment of the phonograph
(Thomas Edison, 1877). In essence, Edison’s invention consisted of
a membrane to which was attached a steel stylus and a cylinder covered
with tinfoil. At first the membrane did the work of the human ear,
vibrating up and down in response to sound waves. As it vibrated
it transmitted these movements via the stylus to the foil-covered
cylinder. Edison rotated the cylinder, as well as moving it laterally
beneath the stylus. As the membrane moved up and down, the stylus
made a series of spiral “hill-and-dale” grooves in the foil surface. When
the stylus was made to travel over the spiral grooves a second time,
it made the membrane vibrate up and down in response to the depres-
sions in the grooves. Now the membrane acted like the human vocal
cords. By vibrating up and down in obedience to the motion of the
stylus it re-created the original sounds.

It was difficult to remove the tinfoil from the cylinders or to replace
it without distorting the material and injuring the indentations. Thus
it was necessary to have a scparate cylinder, screw, and crank for every
new record. Later, Edison improved his recording process by using wax
in place of tinfoil cylinders. The grooves were cut with an agate or sap-
phire point. During reproducing, the up-and-down movement of the sap-
phire was passed to the membrane via a series of weights and levers.

Some ten ycars later, another inventor, Emile Berliner, developed the
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flat recording disc with a lateral-cut groove. This technique gave birth
to the gramophone, or record player, as it is called today. A “morning-
glory” horn was added to improve the sound amplification, doing away
with the need for cumbersome headphones.  These improvements, plus
Berliner’s process for the mass production of disc records through the
shellac method, ushered in a new era of home entertainment.

Even with all their improvements, the phonograph and gramophone
had definite limitations. These could be traced to the lack of power
of the human voice or musical instrument to drive the recording stylus.
Often the changing vibrations of the voice or musical instruments were
so fecble that many tone values were lost.  Even under the best condi-
tions the records often sounded thin and reedy. It was necessary, when
recording, for the artist and musicians to gather as close as possible
around the recording horns. The bands were kept small, and played
as loud as they could, while the singer sang at the top of his voice. Ex-
pression as we know it today could hardly exist under such eonditions.

All this changed when clectronic amplifiers became available as a
result of the discovery of the vacuum tube. Now sound waves could
be amplified thousands of times. The making of records was a costly
process, however. A single mistake during cutting, and the record had
to be started all over again. Editing of a record was a slow, tedious
job and rarely completely satisfactory.

In 1948, with the introduction of the first commercial magnetie tape
recorder, the making of a record became very much simpler. Now
it was possible to make the master recording on a plastic-backed mag-
netic tape that could be cut, spliced, dubbed, and re-recorded without
affecting the quality of the final result. For making high-quality disc
records, it could be used thousands of times without serious deteriora-
tion. For cheaper records, the magnetic tape master was used to
produce a disc from which thousands of stamped records were made.
Thus, in this age of modern miracles, the magnetic tape recorder has
become inseparably interlinked with the science of acoustics.

In its early stages of development, magnetic recording was closely
tied to telegraphy and telephony. It started with Oberlin Smith’s article
in The Electrical World, in 1888, whercin he suggested the possibility
of the use of permanent magnetic impressions for recording sound.
Smith visualized a cotton thread impregnated with iron particles that
could be magnetized in accordance with an undulating current created
by a microphone.  Although Smith theorized the feasibility of magnetic
recording, he never put his theories to practical use. That was to wait
for the Dane, Valdemar Poulsen (1869-1942), some ten years later.

There is no record that Poulsen saw or heard of Smith’s theories;
therefore full credit for the invention of the magnetic recorder is given



12 Magnetic Recording

to Poulsen alone. Poulsen was the first to record and reproduce sound
through the orientation of magnetic domains. He filed his first patent
in Denmark on Dcc. 1, 1898, under the title “Methods of Recording
and Reproducing Sound or Signals.” On Nov. 13, 1900, he was also
granted a patent in the United States for a device titled “For Effecting
the Storing Up of Speech or Signals by Magnetically Influencing Mag-
nctized Bodies.” Poulsen’s invention was called the telegraphone.
When he entered it in the Paris Exposition of 1900, it crcated a terrific
stir among the scientific and technical bodies.  In fact, it won the grand
prize of the Exposition.

A sketch of Poulsen’s drawings, which he submitted with his patent
application, is shown in Fig. 2-2. In this figurc the steel wire (g) was
wound in a spiral groove of a large brass cylinder (d). The wire rested
against two pole picces of an electromagnet (p). The cylinder was
kept stationary, while the clectromagnet, or recording head, was rotated.
As the recording head moved along the wire, it magnetized the wire
by an amount corresponding to the voice current. On reproduction,
the electromagnet was used again, but now as a reproduce head. The
output of the head was fed to a telephone receiver. The varying levels
of magnetization of the wire caused a varying amount of current to
flow in the electromagnet (rcproduce head) and telephone receiver,
producing sound.

Poulsen’s early recorders had extremely low signal levels and high
distortion. It was not until 1909 that he discovered that the addition
of a small amount of properly polarized direct current fed to the record-
ing head improved the reproduction of the signal. The adding of dc
bias to an incoming signal is the oldest electronic method of improving
recording linearity. Although this technique gives a relatively low sig-
nal-to-noise ratio, the simplicity of the circuit makes it useful in some
special cases even today. A great number of portable magnetic tape
recorders, particularly those sclling for under $40, use dc bias because
the simplicity of construction of the bias circuit reduces cost, weight,
and size.

One of the primary objections to Poulsen’s early recorder was the
lack of amplification. This lack was solved with the invention of the
vacuum tube and the vacuum-tube amplifier.  Unfortunately, the ampli-
fier not only amplified voice signals, but also background noise. There-
fore a scarch was carried on for some means to improve Poulsen’s low
signal-to-noise ratio. The U.S. Navy, intcrested in using magnetic
recorders for high-speed transmission of tclegraph signals, sponsored
investigations into various methods of improvement.

Under such sponsorship, William L. Carson and T. W. Carpenter
made the next great discovery in magnetic recording. In August 1927
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they were issued U.S. Patent 1,640,881, in which they described their
newly discovered ac-biasing method.  The ac-biasing technique effected
such a basic improvement in the quality of nragnetic recording that
it is today in universal usc in high-quality magnetic recorders.

Today, the magnetic tape recorder is to be found in computers; in
entertainment, both audio and visual (music and tclevision); and in
an ever-expanding field called instrumentation (the recording of
measurements from precision instruments used in acrospace, transporta-
tion, rocketry, undersea exploration, and laboratory and medical re-
search, to name a few).

INHERENT ADVANTAGES OF
MAGNETIC RECORDING

In the recording/reproducing business, strip-chart and hot-stylus record-
ers, recording oscillographs, phonograph records, photographic films,
galvanometers, and many other types of recording devices have been
used to preserve the output from a transducer.  No single one of these
devices has all the advantages of the magnetic tape or disc recorder
as listed below:

1. Wide frequency range.  Magnetic tape or discs permit the record-
ing of information from direct current up into the multimegahertz range.

2. Very wide dynamic range. Magnetic tape or discs permit a range
of recording in excess of 40 dB, giving accurate and linear recording
from full scale down to 0.3 percent full scale.

3. Low inherent distortion.  When an overload occurs with magnetic
tape, it occurs graccfully, as contrasted with many clectronic devices.

4. Immediate playback. No time is lost in processing magnetic tape,
cores, or discs. Recordings are available for immediate playback.

5. Multichannel recording. Thousands of bits of information may
be recorded simultancously on a single width of tape using various
multiplexing techniques. Additionally, accurate time and phase rela-
tionships can be maintained between these simultancous signal channels.

6. Very high density storage. Scveral million bits of data can be
contained on a single reel of tape or a single magnetic disc.

7. Signal is in its electrical form. The data are preserved in electrical
form, so that the event can be re-created at any time. Such a format
lends itself to automatic reduction of data.

8. Economic advantage. Magnctic tape, cores, or discs can be erased
and reused many times.

9. Repeated playback. Magnetic tape or discs can be played back
thousands of times to provide complete recovery of data (e.g., delayed
television presentations of taped programs to suit arca scheduling).
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10. Time-base altering. Magnetic recordings permit the recording
of data at one speed and its reproduction at another, thus providing
the ability to alter the time base, which no other medium can do. This
altering of the time base permits events to be re-created either faster
or slower than they actually occur, with the resulting multiplication
or division of all the frequencies involved.
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CHAPTER THREE

Introduction to
the Basic Elements of
the Magnetic Recorder

GENERAL

All magnetic recorder/reproducer systems consist of five essential
elements:

1. Magnetic heads 4. Record amplifier
2. Magnetic tape 5. Reproduce amplifier
3. Tape transport

Recard Reprogpce
ifi amplifier
Ein ———- BT N BT e
ias ;
ascillatar engll:'zuedres
A= % e NA
At
Supply Y 'y Take-up
@ "oy e 1
Vi E O [~ Tape transpart

S Magnetic tope

Fig. 3-1 The basic elements of a magnetic tape recorder/reproducer.
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Sometimes only a portion of the total system is used, i.e., a record-only
or reproducc-only system. But often a magnetic recorder system is
made morc complex by the addition of accessory equipment such as
voice monitors, display cathode-ray or meter monitors, remote controls,
etc. Figure 3-1 shows the typical magnetic rccorder system and the
relationship of one basic element to the other.

THE FUNCTIONS OF THE BASIC ELEMENTS

The Magnetic Head
Magnetic heads may be divided into three categories:

1. The record head
2. The reproduce head
3. The erase head

The Record Head Basically, the function of the record head is to
change the current I produced by the record amplifier into magnetic
flux ¢. As record current varies, so also will the magnetic flux. The
change of ¢ will be affected by both the amplitude and the direction
changes of the record current.  The changing current through the head
produces a proportional changing magnetic force H in the head.

II = I sin wt 3-1)
where { = magnetic force, oersteds
I = maximum current
w = 2xf
{ = time, sec

The magnetic force I in turn produces magnetic flux ¢ in the tape.
Unfortunately, there are some losses to be considered in the conversion
process. These arc (1) the hysteresis effect of the head and tape mate-
rials (lagging or persistence of action in magnetic substances), (2)
eddy-current losses in the record head, and (3) partial demagnetiza-
tion. Thus there will always be less magnetic flux left in the tape,
¢, than was originally produced by the magnetic force II.  This remain-
ing magnetic flux is called remanent flux ¢,. Thus, substituting in Eq.

(3-1),

¢ = KI sin wt (3-2)
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where ¢, = remanence flux
K = conversion constant required due to losses
w = 2xf
t = time, sec

The size (wavelength) of the signal recorded on magnetic tape will
be a function of tape speed and frequency.  Thus

8
= 3-3
A f (3-3)

where A = wavelength, in,
s = tape speed, ips
f = frequency, Hz

The Reproduce Head The basic function of the reproduce head is
to change the magnetic ficld pattern found in the magnetic tape into
a voltage e. The reproduce head will act as a miniature generator
following Faraday’s law, i.c.,

_

= 3-4
¢ dt (3-4)

where ¢ = instantancous voltage
N = number of windings around reproduce head core
d = symbol for change
¢ = magnetic flux
t = time, sec

The voltage created in the reproduce head follows a 6 dB/octave curve
(within certain limits). By this it is meant that as the frequency
doubles, so also will the value of voltage output from the head. Thus,
if a constant level of input were fed to the record amplifier at increasing
frequencies, the output of the reproduce head would not be constant,
but rather would increase at a 6 dB/octave rate (Fig. 3-2).

The deviation from the straight line of the 6 dB/octave curve is caused

, Record curve | Reproduce -
curve z

dB dB

L i

Log of frequency 400 BS? Log of frequency
Hz

6 dB /octove
slope

Fig. 3-2 Record and reproduce curves showing resultant out-
put of a reproduct head to a constant-level record signal
over a wide frequency range.
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by losses associated with head construction, magnetic tape characteristics,
the speed of tape movement, and many other factors. Detailed explana-
tion of these and other losses will be found in Chap. 7. It is sufficient
to say at this time that most of the correction nceded to straighten
the reproduce curve to one comparable with the record curve will be
done by circuits called cqualizers, which are mounted in the reproduce
amplifiers.

The Erase Head The basic function of an erase head is to demag-
nctize the magnetic signal on tape. A very heavy high-frequency alter-
nating current (100 mA or more) is fed through the head.  This current
drives the tapc into saturation first in one direction and then in the
other. As the tape is pulled away from the head, a slowly diminishing
cyclic ficld is presented to the tape.  The diminishing eyclic field leaves
the magnetic vectors in the tape in a completely random state. In
such a random condition no single magnetic vector, or group of magnetic
vectors, has more strength than the others, and the tape is demagnetized,
or degaussed. Sec Fig. 3-3 for the demagnetization curve.

Magnetic Tape

The accepted medium for magnetic recording is a tape consisting of
a backing coated with particles of the gamma form of ferric oxide
(Fe.O4y).  The backing material, either acetate or polyester film, pro-
vides the base to which the magnetic particles are fixed with a synthetic-
resin binder.  Each particle (approximately 25 gin. in length) forms
an elemental magnet. The north and south poles of these magnets
lie along some axis of the iron oxide erystal lattice, the particular axis
depending upon the crystalline structure of the oxide used. There will
be specific types of oxides used for specific bandwidths of data signals
and types of recording techniques, i.c., low-, medium-, and high-fre-
quency response and digital, audio, video, and longitudinal-instrumenta-
tion recording techniques.

When magnetic flux ¢ from the record head penctrates into the mag-
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netic tape coating, it rcorients the vectors of the magnetic domains (an
elemental magnetic volume). With a low value of magnetic flux, a
small number of magpetic vectors are aligned with the flux ficld. When
a large magnetizing flux is used,<a large number of vectors are aligned.
If the tape is moved lincarly across the record-head gap, the vector
pattern will be altered to produce, at any point, a nct amount of mag-
netic vector alignment. This alignment has a magnitude and direction
that is a function of the magnetizing ficld intensity (flux at record-head
gap) that existed at the instant the tape left the gap.

The Tape Transport

The tape transport must move tape across the record and reproduce
heads at a constant linear velocity, with the least amount of disturbance
to tape motion. It must also provide some means of tape storage, either
in a form of loop, bin, reel, or magazine. If speed or tension of the
tape varies, dynamic time-base crrors will be introduced into the system.
Thesc will adversely affect the amplitude, phase, and frequency response
of the magnetic recorder. (Magnetic discs are discussed in Chap. 8.)

The effort in designing a tape-transport mechanism must be directed
toward instantancous and long-term speed control of the recording
medium (tape). Instantaneous tape-spced errors (commonly known
as flutter and wow) and long-term speed errors (drift) are introduced
by inaccuracies of the drive system. They are usually expressed as
percentage variation from absolute selected speed. Logical develop-
ment of each major assembly and careful selection of components, com-
bined with numerous tests and a highly cfficient quality-control system,
will result in good transports with reliable performance. Although tape
transports may vary from cach other in appearance, size, and operation,
the design principles are basically the same. Even the best tape trans-
ports fall short of ideal specifications. Further improvements in any
respect are, however, becoming progressively more difficult and costly
to achieve.

Important Design Criteria Generally speaking, the five following
points are the most important criteria when designing or purchasing
a tape-transport mechanism.

1. It must have reliability and dependability, achicved for the most
part by keeping the configuration as simple as possible.

2. It must have high performance, that is to say, the ability to trans-
port tape at the desired speed with no introduction of variables in the
signal to be recorded or reproduced and no disturbance of tape motion.

3. It must be standardized and compatible with other equipment. It
must have standard speeds, tape widths, reel sizes, track spacing, etc.



Introduction to the Basic Elements of the Magnetic Recorder 21

4. It must have low downtime and maintenance cost. It must be
easily maintained, and parts must be easily accessible. It must have
a long mean-time-between-failure rate.

5. It must have flexibility for modification and freedom from
obsolescence. This is generally achieved with modular construction and
completely independent major subassemblies so that modification and
updating can be easily accomplished.

The Record Amplifier

The record amplifier must change the incoming data signal E;, into a
form that is suitable for recording on tape. That is, the amplifier must
change the E,, into current I which, when fed to the magnetic heads,
will be converted into magnetic flux . The magnetic flux will be used
to magnetize the tape so that a given amplitude, a given polarity, and a
given point on the tape represent the data E;, at a given instant
of time.

Direct Recording The direct record amplifier will produce current
that is analogous to the frequency and amplitude of the incoming ac
data signal, the exception to this being the audio record amplifier.
With audio, preemphasis is added to increase the low- and high-fre-
quency current so that when the tape is reproduced, the sound is more
compatible to the human ear, which is a nonlinear device. Bias must be
added to the record signal to place it in the linear portion of the magnetic
tape response curve. Both ac and dc bias are used with audio recorders.
But almost without exception, ac bias only is used with instrumentation
and video systems. Direct recording uses the maximum bandwidth
capability of the recorder and tape, but is limited in low-frequency
response, due to the reproduction losses that cannot be compensated
for (Faraday’s law, ctc.—greater detail will be found in Chap. 7).

Frequency-modulation Recording (FM) The function of the FM
record amplifier (FM modulator) is to convert the input data into a
series of frequencies (carriers and sidebands). A particular frequency
is selected as the center (carrier) frequency corresponding to a zero
data input signal. A 4dc signal will deviate the carrier frequency a
given percentage in one direction, while a —dec signal will deviate the
carrier frequency a given percentage in the opposite direction. An ac
signal would deviate the carrier alternately on both sides of the center
frequency, at a rate equal to the frequency of the input signal. The
amount of deviation is controlled by the amplitude of the input signal,
while the rate of deviation is controlled by the frequency of the deviating
signal.

The primary consideration for the choice of center-carrier frequency
is such that the range from maximum to minimum deviation will fall
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within the bandwidth limitations of the recorder. After conversion (E;,
to f), the FM signal is passed through a power amplifier to the heads
and recorded on tape (Fig. 3-4).

It is customary when using wideband FM systems (frequency re-
sponse of dc to 500 kHz and a center-carrier frequency of 900 kHz)

Data signal inta modulator

FM signal out of modulator o
QT TAVAVAE A

Fig. 3-4 Data-to-FM signal conversion.

to add ac bias to the record system. This improves the linearity of
the system on reproduction (lower distortion). Video (rotating-head)
systems use center-carrier frequencies of 7.5 to 9 MHz and data band-
widths of dc to 6 MHz.  Alternating-current bias is not used with video
systems; other means are used to compensate for any distortion.

Pulse-type Record Amplifiers In recording processes that use coding
techniques, the function of the record amplifier is somewhat different
from that of direct and FM. In these systems the pulse-type amplifiers
produce pulses of current or frequencies that are used to designate
one of two binary states (1 or 0) or the beginning and end of a pulse
of definite length.

(c) Time durotion
pulses to record
amplifier

(b) Recorded signals
on tape (spikes) LY JK r_k r Lr

Fig. 3-5 Conversion of data signals to PDM or TSM spikes.

Some of the pulse-type record amplifiers are:

. Frequency-shift modulation (FSM)
. Pulse-duration modulation (PDM)
. Time-sharing modulation (TSM)
Non-return-to-zero (NRZ) (digital)
. Return-to-zero (RZ) (digital)
Pulse-code modulation (PCM)

O YU Do

See Fig. 3-5 for an illustration of the output from PDM and TSM
amplifiers.
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The Reproduce Amplifier

The reproduce amplifier should provide an output that is the same as
or similar to that fed to the record amplifier, that is, E,.. = E;,.

Direct Reproduce Amplifier Since the output of the reproduce head
follows Faraday’s law, e = Ndg¢/dt within specified limits and is non-
linear in other regions (Fig. 3-2), the reproduce amplifier must com-
pensate for this type of irregular output. In direct systems where the
frequency response is relatively narrow (up to 100 kHz), only an ampli-
tude equalizer is included as part of the circuitry. As can be seen
in Fig. 3-6, the equalizer characteristic curve is such that amplitude varia-
tions from the reproduce head are compensated for, resulting in a flat
reproducc-amplifier output over a specified range of frequencies. In
audio reproducing, the curve is not maintained flat, but rather is de-
signed to vary from a straight line in order to be pleasing to the response
curve of the human ear.

When the direct system is one where the frequency response is ex-
tended beyond 100 kHz, it is normal that a phase equalizer be included
in the reproduce system, in addition to the amplitude equalizer. The
need for this arises, primarily, because phase shifting of the data signal
is introduced by the components of the broadband amplitude cqualizer.
Additionally, if the data are nonsinusoidal in nature (pulse or square-
wave), the reactance of the reproduce head, which follows the formula
X. = 2afL, tends to distort the waveshape, lengthening rise and fall
times and creating peaks and dips in tops and bottoms. The phase
equalizer essentially compensates for the induced delay (phase shift)
and reconstructs the reproduced signal into its original form,
Eoul = E..

Reproduce -head
characteristic

dB Resultant autput

-————— —— e~ — o —— — e — ——

Characteristic curve — repraduce amplitude equalizer
1 1

!
100 Hz 30 kHz 250 kHz
Lag of frequency

Fig. 3-6 Resultant of reproduce-head output plus amplitude equali-
zation.
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Frequency-modulation Reproduce The signal that is recorded on
tape in an FM system is a frequency representation of a dc voltage
input, or a number of frequencies (carrier and sidebands) representing
an ac voltage input. The job of the FM reproduce amplifier is to change
these frequencies back into their respective de or ac values (Fig. 3-7).

Pulse-type Reproduce Amplifiers Where pulse-type recording was
used, the reproduce amplifier will be required to reconstitute the time-
duration pulses from a scries of pulses that are the differentiated forms
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Fig. 3-8 Transforming a sequence of PCM code into sine-wave output.
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of the original recorded spike (Fig. 3-5). A triggered multivibrator is
most often used for this type of conversion. In the case of FSM, the
reproduce amplifier must sense which of the two representative frequen-
cies was recorded on tape (one frequency used to represent a one and
another frequency used to represent a zero). High-quality filters fol-
lowed by shaping amplifiers are used for this purpose. With PCM,
since, during the recording process, samples of the data are quantized
into discrete steps and fed as a code group of Is and Os to the record
amplifier, the reproduce amplifier need only reproduce the recorded
digital bits and feed them to the output stages. There the code groups
will be used to re-create the original sampled data. Refer to Fig. 3-8
for the PCM reproduce sequence.
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CHAPTER FOUR

The Theory of Magnetism

GENERAL

To understand the basic principles of ferromagnetism, we must take
into account the modern theories of spinning electrons and the group
behavior of molecular masses called domains.

FERROMAGNETISM

In ferromagnetic materials, it has been theorized that their atoms have
permanent magnetic moments. These magnetic moments come from
the electrons rather than the nucleus and are, primarily, the result of
electron spin rather than orbital motion. It has also been theorized
that there is a kind of atomic force that keeps the magnetic moments
of many atoms parallel to each other, so that there is a strong magnetic
force built up in each part of the ferromagnetic material. Pierre Weiss
(1865-1940) explained this action in 1907 with his theory of domains.*
In his theory he assumed that ferromagnetic materials were made up
of large numbers of elemental volumes (which were called domains),
all of which were magnetized to saturation in some direction. If the

! Pierre Weiss, J. Phys., vol. 4, no. 6, p. 661, 1907.
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magnetic moments of the separate domain volumes are oriented in differ-
ent directions, the material was unmagnetized, since the various forces
cancel each other; whereas if there is a degree of alignment of the
magnetic moments of each domain, the material was magnetized.
The discovery of the electron spin was closely associated with the
quantum theory, the basic idea being that the electron can be likened
to the earth and its action in the solar system. Like the carth in its
diurnal rotation about its own axis as it rotates around the sun, so the
electron spins on its own axis while rotating about the nucleus of the
atom. The effects of the electron spin were first presented by two Dutch
physicists, George E. Uhlenbeck and Samuel A. Goudsmit, in 1925.
Their findings explained Wolfgang Pauli’s proposal that there should
be a fourth quantum number, or index, m,, which can take on the
values of +=74. Based on the four quantum numbers, Pauli introduced
his exclusion principle (for which he was later awarded the Nobel
Prize), which stated that no two clectrons can have all quantum numbers
n, 1, m,, m, the same. The quantum numbers were defined as follows:

n = principal quantum number

1 = azimuthal quantum number
m, = magnetic, or equatorial, quantum number
m, = spin orientation

The significance of m, was a complete mystery when Pauli first published
his paper in 1925. The theory of Uhlenbeck and Goudsmit was to clear
up this mystery and show that m, = =% determines the two possible
orientations of the spin angular momentum of the electron relative to the
axis of quantization.

In the iron-group elements the fundamental magnetic moment is de-
rived from the electron spin, and not its orbital motion. In the rare
earths and their compounds, however, the orbital moment contributes
a large part of the magnetic moment. The electrons that are responsible
for the magnetic properties of iron, cobalt, and nickel and their alloys
are in the third shell of their atomic structures, whercas in the rare
earths they are in the fourth shell.

In Fig. 4-1 it can be seen that there are a number of shells of orbiting
electrons in the iron atom. In the outermost shell (4s) the two electrons
are free electrons and are responsible for electrical conduction. In shells
Is, 25, 2p, 3s, and 3p there are equal numbers of electrons with +
(clockwise) spins as there are — (counterclockwise) spins. In these
shells the magnetic moments neutralize each other. In the 3d shell,
however, there are five 4+ spins and only one — spin. Therefore there
is an unbalance of spins, and the shell can be said to contain uncom-
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Fig. 4-1 Atomic structure of the iron atom.

ferromagnetism

pensated spinning clectrons. Under these conditions, the atom as a
whole will behave as a small permanent magnet.

From Fig. 4-1 we should be able to say that iron has a magnetic
value of 4. This is not true, however, since the electrons tend to shift
from one rotational level (shell) to another. With such movement con-
stantly going on, it is not possible to quote the spin balance or unbalance
at any specific time, but rather it must be stated as an average: for
iron 2.22, cobalt 1.70, and nickel 0.61.

To iron, cobalt, and nickel can be added chromium, mangancse, and
such rare carths as gadolinium that also exhibit magnetic properties,
either in their straight metallic form or in their alloys and compounds.

THE PROCESS OF MAGNETIZATION

During the process of magnetization of a ferromagnetic material, two
types of changes occur:

1. A changc in the volume of some of the magnetic domains at the
expense of the others
2. Changes in the direction of magnetization of the domains

It is generally conceded in the magnetic recording industry that a do-
main consists of 10" molecules of iron oxide (Fe.Osy). It is defined
as the smallest volume of magnetic material that can be considered
to be a usable magnet. The domains are envisioned as being bounded
by a partition, or wall, called a Bloch wall (after F. Bloch, who first
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studied the nature of the change in spin direction between magnetized
domains). The position of the walls is associated with points of strain.

As illustrated in Fig. 4.2, when magnetic material, which consists
of many domains, is subjected to a very weak magnetizing force, the
Bloch walls move outward in those domains whose direction of mag-
netization is roughly approximate to the magnetizing force. This occurs
at the expense of the other domains with more diverse directions of
magnetization. Since these domains are now slightly larger in size, they
become predominant, and the material is slightly magnetized in the
direction of these domain vectors. It should be noted that the magnetiz-
ing force did not go beyond the instep of the magnetization curve.
Removal of the magnetizing force causes the Bloch walls to return to
their original positions. Thus the action involved with weak magnetiz-
ing forces is reversible: remove the force, and the magnetization auto-
matically disappears.

8 Knee Bloch wall movement
=
N |=—=[XT/
Inste H=—1r
for” TP ‘[e[/[\|[®
+ H —~— ;
\,'4] Direction of H applied
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of curve
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=] curve used with ==
‘ direct and FM =\ | 7"
recording i \i, =
techniques ; t==tr

Hy H, Direction of H applied
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3 state of domain vectors at Hz
S
| Used inPDM CFEE
By } 1 ond digital
} | recording
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{ ' |
H, ;‘2 ’;3 Direction of H applied

(c)

Fig. 4-2 Effects of a magnetizing force on a number of
domains.
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As illustrated in Fig. 4.2b, when stronger forces are used to magnetize
a number of domains, the resulting induced magnetism increases at
a relatively linear rate, as shown by the curve between the instep and
knee. This causes changes in the orientation of the magnetic vectors
from one direction to another. It should be noted in Fig. 4.2D that
two of the domains are still undergoing volume changes. Also, two
more have been stressed beyond their normal stable states. As a result,
when the magnetizing force is removed, these four domains will tend
to return to their more stable states. Thus there will be a small change
in the induced magnetism of the material. This is shown in Fig. 4.2b
as B,.

When a very strong magnetizing force is used, that is to say, a force
that goes beyond the knee of the curve, H,, the material is saturated. In
this state all or nearly all the domain vectors have been reoriented into
a direction very close to that of the magnetizing force. Quite naturally,
some of the vectors are in the strained state and will revert back to
a lesser stressed condition as soon as the magnetizing force is removed.
Thus, similar to the B, value of Fig. 4.2, the remanence magnetism
B, will have a lesser value than B,.
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CHAPTER FIVE

Magnetic Heads

GENERAL

Having had a brief introduction to the basic clements of the magnetic
tape recorder/reproducer, we are now ready to study the individual
components in detail. There is no better place to start than with the
component that might be called the “heart” of the magnetic recording
system, the head.

CONSTRUCTION OF A MAGNETIC HEAD
Longitudinal (Analog) Head

The magnetic head has gone through a number of changes as the fre-
quency range has been broadened and the types of recording expanded.
Although some of the differences in the heads result from the wide
range of frequencies in common use, there are also differences between
those heads used for longitudinal as against rotating-head type of record-
ing. Each head is designed for a specific task, a particular type of
recording or a band of frequencies.  All, however, employ similar princi-
ples in their construction.

31
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Basically, the head consists of two cores, or cores and their associated
pole pieces (Fig. 5-1). In Fig. 5-la and b it can be scen that there
are windings around both of the cores. Each core is separated from
the other, front and rear, by some form of gap-separator material. Fig-
ure 5-1d illustrates the effect of core separation when a current is fed
to the windings of the record head. The magnetic flux developed in
the core, fringing away at the gaps, will be used to magnetize the tape.
The fringing flux at the rear gap is a loss factor that is taken care
of by increased current through the head. It is, of course, pertinent
for the reader to ask the question, “If the fringing flux at the rear gap
is a loss factor, then why have a rear gap?” Such a question should
be answered simply as follows: In the carly stages of head design and
manufacturing, there was no method available to cut a slot in a Mumetal
ring of the size required (0.0005 to 0.00025 in.) while keeping the sides
of the slots parallel. For this reason the core pieces were stamped
out. Unfortunately, the stamping left the edges rough and lacking in
precision, so that it was necessary to grind or lap the surfaces smooth.
The surfaces of the front gap must be kept parallel to maintain the
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frequency response of the head constant. It was therefore necessary
to grind the front- and rear-gap surfaces at different angles if the rear
gap was to be closed. This tvpe of grinding technique is incredibly
difficult and costly. Thus the head manufacturers put up with the rear-
gap losses and compensated for them in other ways.

Figure 5-1c illustrates a wideband head that would be used to record
or reproduce a band of frequencies from 400 Hz to 2 MIz, at a tape
speed of 120 ips. Only onc of the cores is wound, and there is no
rear gap. This core is not laminated and is not made of Mumetal. It
is a formed, solid ferrite core with laminated pole pieces.

Figure 5-2 shows the laminations of the typical low- and intermediate-
band heads. As the frequency range of the heads is broadened, the
number of laminations is increased. They are used to reduce eddy
currents.

Figure 5-3 shows the construction details of a low-band head stack.
The nonmagnetic gap-separating material could be copper or gold, silver
or platinum, depending upon design and use. In intermediate-band
and wideband heads, however, the gap size is so small that the use
of pieces of nonmagnetic insert material is impractical. A technique
of deposition is used instead. In this process the core picces are placed
in a vacuum chamber, and silicon monoxide or some similar material
is deposited over the core piece to the desired depth. Then, when
the cores are butted together, the resultant separation between the cores,
due to the deposition on both cores, becomes the gap spacing.  As
the frequency-response requirements go up, the gap is made smaller.
Refer to Table 5-1 for gap-size details.

Referring once again to Fig. 5-2, it will be noted that several dimen-
sions are indicated, i.c., gap depth, gap width, and track width. The
depth of the gap determines to some extent the ultimate head life.  This
depth will be gradually reduced as the tape wears away the head sur-
face. Itis common to find gap depths of 0.016 to 0.021 in.

The width of the gap is dependent upon the intended use of the
head. In a record head it must be wide enough to permit the magnetic
flux to fringe (leak) far cnough away from the gap to provide deep
penetration into the oxide coating of the magnetic tape.  On the other
hand, the gap must be small enough so that sharp changes or gradients
of the flux may be gencrated, to permit small changes in data level
to be recognized. Thus it is that the record-gap width is a compromise
between a wide gap, for strong recorded signals, and a narrow onc,
for definition of small increments of change.

The output of a reproduce head is maximum when one-half a wave-
length of the recorded data is equal to the reproduce-head gap width
(A/2 =1). The output will decrease at a —6 dB/octave rate on cither
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TABLE 5-1 Typical and Special Longitudinal-instrumentation-
head Characteristics (Analog Heads)

Record Reproduce
B | _
Wiresize. ...... ... ... .. ... ...... [ 42 46
Numberof turns. . ..... ... ... ... ..... 60 300

Standard trace width-
Front-gap width:

14~ or 1-in. tape.. .| 0,030 £ 0.005in. | 0.050 + 0.005 in.

100-kHz response, tape speed 60 ips. .. .| 0.0005 in. 0.00025 in.
600-kHz response, tape speed 120 ips. . . 0.0005 in. 0.00008 in.
2-MHz response, tape speed 120 ips. ... 0.00025 in. 0.000025 in.
Rear-gap width: ‘
100-k Hz response, tape speed 60 ips. . . . 0.0005 in. 0.00025 in.
600-kHz response, tape speed 120 ips. . 0.0005 in. 0.00008 in.
2-MHz response, tape speed 120 ips. . .. None None
Peak record current.............. .. .... 18-49 mA
Peak reproduce voltage. .. ............ .. ... .. .. ......... 50 uV min
Track spacing on tape—7 or 14 tracks. .. .| 0.070 in. 0.070 in.
Track spacing within stack—7 or 14 tracks 0.140 in. 0.140 in.

Gap-to-gap spacing between head stacks.

1.5 £ 0.001 in,

1.5 + 0.001 in.

Gapazimuth...... ... ... .. ........ 90° + 1’ 90° + 1’
Head tilt........ ... ... ........... ... 90° + 3 90° + 3’
Gapscatter............................ 100 gin. 100 uin.

Point of recording......... .. ... ... ...

Trailing edge

Point of reproducing ] Across center of gap

Special heads

-

Track width—16 tracks, 1-in. tape. ... .. 0.025 £ 0.002in. | 0.025 £ 0.002 in.
Track width—314, tracks, 1-in. tape.. ... 0.020 + 0.001 in. | 0.020 £ 0.001 in.
Voice-monitor track width—14-in. tape.. .| 0.005 + 0.001 in. | 0.005 + 0.001 in.
Voice-monitor track width—1-in. tape....| 0.010 £ 0.002in.  0.010 + 0.002 in.
Track spacing on tape—16 tracks on 1 in. .| 0.060 in. 1 0.060 in.
Track spacing on tape—314, trackson 1 in. | 0.030 in. 0.030 in.
Track spacing within stack—16 tracks on

Lin. ..o ' 0.120 in. | 0.120 in.
Track spacing within stack—314, tracks

onlin......... .. ... ... .. ... ... ' 0.060 in. 0.060 in.

side of this point. Going up in frequency, a point will be reached
where the full wavelength of the data frequency is equal to the gap
size. At this wavelength the output of the reproduce head will be
zero. Similarly, going down in frequency will produce a decreasing
amount of output at a —6 dB/octave rate. When the frequency be-
comes too low, the reproduced data signal is so weak that it cannot
be distinguished from the system noise. The span of frequencies be-
tween an acceptable low-frequency and high-frequency output level is
called the dynamic range of the recording/reproducing system. To in-
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crease the dynamic range and frequency response at the high end, the
reproduce-hcad gap must he made smaller, or the tape speed increased.
Unfortunately, a penalty must be paid when the gap size is reduced.  As
the tape is pulled across the head, the edges of the head gap tend
to wear and build a bridge of core metal across the gap (called gap
smear). Naturally, once the gap is closed, no further flux penctrates
the core and cuts the windings, with the result that there is no output
voltage. The smaller the gap, the sooner the smear affects the output.
The wear of the head is accelerated with an increase in tape speed.
Thus the reproduce-gap width must be a compromise between the de-
sired upper-frequency response, the dynamic range, and the head life.

Track width determines the width of the signal recorded on tape.
This is normally 0.050 in. for standard instrumentation heads.

Figure 5-4 shows some of the head-stack paramcters for instrumenta-
tion heads. Figure 5-4a indicates that the heads are not in line, but
rather are mounted in such a fashion that the heads in the odd stack
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Fig. 5-4 Instrumentation head-stack parameters.
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are opposite the shields of the cven stack, and vice versa. This type
of head construction is called interleaving. It permits the heads to
be spaced farther apart in the individual stacks. In this way the inter-
action (crosstalk) is reduced. All standard instrumentation longitudinal
heads contain 50-mil tracks spaced 140 mils apart. Thus the track spac-
ing on tape will be 70 mils. Some of the other head-stack parameters
are gap scatter, gap azimuth, and head-stack tilt. These are illustrated
in Fig. 5-4b, ¢, and d, respectively. Gap scatter is defined as the
distance between two parallel lines that enclose the trailing edge of
the record-head gaps or the center lines of the reproduce-head gaps,
between which all the gap edges or center lines fall. Effectively, it
can be seen by referring to Fig. 5-4b that if a number of data signals
were being recorded simultaneously, some signals would be physically
positioned on the tape ahead of others. Quite naturally, this would
give risc to timing errors in the data signals on reproduction, since
the time correlation would be incorrect.

In Fig. 5-4c, if all the center lines of the reproduce heads are not
perpendicular to the movement of tape, signals which were recorded
simultaneously on magnetic tape would be reproduced with a time differ-
ence. Wideband heads arc fitted with azimuth-adjustment screws that
are used to compensate for this type of error. The azimuth adjustment
cants the head to the right or left to compensate for the error in a
single head or to effect a compromise for all the heads in the stack.
Figure 5-4d shows the amount of forward or backward tilt permitted
in any instrumentation head. This parameter is controlled during the
manufacturing process.

It can be seen from Fig. 5-4 that the parameters of head construction
are extremely critical. As a result, the reader is cautioned that instru-
mentation head stacks should not be removed from their precision base-
plates. Their replacement requires many thousands of dollars of preci-
sion optical equipment and the skills of highly trained technicians.
Normally, these skills and equipment are available only at the factory.
Generally, audio heads may be excluded from this precaution. Most
audio systems make provisions for individual-hcad-stack replacement and
alignment in the ficld.

Figure 5-5 illustrates the two instrumentation-head numbering systems
in general use. Until about 1962, heads using the old standard number-
ing system were the most popular. Today, however, heads using the
IRIG (Inter-Range Instrumentation Group) Standard numbering system
are generally used. The employment of the two standards has created
a problem. When an operator who made a recording using Old Stan-
dard heads attempts to reproduce the data on IRIG heads, he finds
that time correlation is lost. The data are located on different-numbered



38 Magnetic Recording

Old standord IRIG stondord

| == 7c—T—™
2 1™ 6 I —

o) — | 5cCT—3
4 I 4 C—Ir—

5 T 3T/
6 —IT 2 C—TI—>

7 C—T— 1 C—T—

1 —T— lqac—Tr—
2 I > 13—

ko 3 v 12—
4 T [ s s

5 /™ 10 —T—™
6 T 9 T

7 1 8 1
8 CI— Y |

9 I 6 1T —
10— 5 CT—

|| T3 4 1
12 10 31>

13 T 2 T >
[ Y o s | | —T—™

Heod base Heod base

(o) (b}
Fig. 5-5 Head-numbering systems.

tracks (i.c, if a signal were recorded on Old Standard head tracks
3 and 4, it would be found on tracks 11 and 12 on an IRIG head,
and the time sequence of the two recordings would be completely
reversed ).

Figure 5-6a and b illustrates the action in the head and tape that
occurs during the recording and reproduction of a data signal. It should
be noted that recording takes place at the trailing edge of the gap,
whereas reproduction takes place across the tape. The strength of the
recording signal (magnetic flux ¢) at any instant is a function of the
amount of current being passed through the head coils, ¢ = KI sin wt;
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Fig. 56 Action at record and reproduce heads.



Magnetic Heads 39

whereas the size of the reproduced signal e is a function of the rate
of change of the magnetic flux across the head gap, e = KIf cos ot.

Wideband Rotary Heads

The bandwidth of any magnetic recorder is essentially limited by the
size of the magnetic wavelength that can be recorded and reproduced
on magnetic tape. To that end, the size of the magnetic oxide particle
that makes up the tape coating, the reproduce gap width, and the head-
to-tape contact speed must be taken into consideration. The magnetic
tape particle size averages 20 to 25 win. Therefore, assuming that a
minimum of four magnetic particles are required to record a full wave-
length, the shortest wavelength that could be recorded and reproduced
would be 4 X 20, or 80 win. In order to be able to record a band
of frequencies between 1 Hz and 6 MHz on a standard longitudinal
instrumentation recorder, an FM recording technique would have to
be used. This system would require a center-carrier frequency in the
vicinity of 9 MHz with upper sidchands in the 15-MHz range. To record
and reproduce such frequencies, the tape would have to move at better
than 960 ips. Maintaining a constant tape speed, tension, and head-to-
tape contact, as well as accurate tape guiding at this speed, was, and
still is, nearly impossible using “state-of-the-art” longitudinal recording
techniques.  As a result, a new approach to the problem was developed.
In 1956 the Ampex Corporation introduced the first rotary-head recorder,
the VR-1000 videotape television recorder. Since that time, similar
rotary techniques have been applied to the instrumentation field. Tt
is now possible to record from 1 11z to 6 MIIz on a transient-free instru-
mentation rotary-head transport.

The rotary head differs considerably from the conventional stationary
longitudinal head. Tnstead of a single head per channel, four magnetic
heads are mounted on a rotating drum for single-channel recording,
and eight heads arc mounted on a single head drum (Fig. 5-7) for
dual-channel operation. Two drums with four heads cach have also
been used for dual-channel operation.  As the head drum is rotated
and the magnetic tape moved longitudinally, cach of the heads will
contact the tape in turn.  Figure 5-8 shows single-channel operation.
Here it may be scen that the recorded signal is a series of Dursts of
data that overlap cach other. Each video pulse (burst) contains re-
dundant data at the beginning and end of the pulse.  On reproduction,
the total signal will have to be reconstituted.  To increase the number
of channcls (dual), the longitudinal tape speed must be doubled to
allow space for the second-channel heads to record on tape. To provide
the necessary frequency response for wideband video recording, the
head-to-tapce contact specd must be high. The head-drum diameter
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Fig. 5-7 Six-MHz rotary-head assembly—two-channel.

is approximately 2 in., and the rotational speed is 244 rps for a 6-MHz
system.! Thus the actual head-to-tape contact speed is 1,570 ips. At
this speed the wavelength recorded is comfortably larger than the aver-
age tape-particle size, so that the system is not tape-limited.

To utilize the rotating-head principle, some form of continuous connec-
tion between the signal source and the heads had to be developed. In
the carlier versions of the rotating head, a set of graphite brushes was
used in a slip-ring assembly to provide low-capacitance connections.
The modern version of the rotary-head recorder uses a series of rotary
transformers to provide this function. Quite naturally, since a single
head is not in constant contact with the tape, some form of switching

! Modern video systeins for television production use drum speeds of 240 rps. See
Chap. 11 for details.
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had to be used that would feed the data to and from the particular
head that is in contact. Since the head drums are round, it is necessary
to contour the magnetic tape for the best possible head-to-tape contact.
A concave tape guide was developed (called a female guide) that curved
the 2-in.-wide tape around the rotarv-head drum (Fig. 5-9). To ensure
that the tape assumes positions which conform to the shape of the female
guide, a vacuum is applied to the guide side of the tape.

As can be seen in Fig. 5-9, the head tips actually stretch the tape
as they traverse it. This stretching is utilized to compress or extend
the traverse time base during the reproduction process.  Manual adjust-
ment of the amount of tip penctration into the tape (tape stretch)
serves as a course correction for changes in tape dimension due to tem-
perature changes and head-tip size (duc to wear). This adjustment
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of the female guide effectively maintains the time base established dur-
ing recording.

The high head-to-tape contact speed creates a great deal of tip wear
due to friction. The first heads had a very short life, and as a result
much rescarch went into finding a better pole-picce material, one that
would give longer wear for the heads and yet not decrcase the life
of the tape appreciably. The final choice was Alfesil. By the use of
this material the life expectancy of the heads has been almost trebled.

In addition to maintaining the head-tip penetration relatively constant,
the head-drum speed is also held constant.  Generally, this is done by
referencing the head-drum drive system to a crystal-oscillator frequency
standard.' This oscillator has a stability of at least 3 parts in 10°. In
the record mode, the longitudinal speed of the tape is controlled by
the spced of a synchronous capstan-drive motor. This motor is driven
from an inverter controlled by the frequency standard.  During the
recording cycle, a frequency derived from the frequency standard is
recorded on the tape by a fixed head.  On reproduction, this control-
track signal is compared with the frequency standard.  If there is a
phase or frequency difference, it will be recognized as an error, and
the speed of the capstan changed appropriately.  To control the head-
drum speed, the modern 6-MIiz head assembly uses tachometer outputs
as the reference. The tachometers, two in number, are mounted on
the end of the head-drum drive shaft, at the end opposite to the head
drums. During the record mode the tachometer pulses are compared

! Video systems used with television production are somewhat different. The
reader is referred to Chap. 11 for details.
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in frequency and phase with a crystal reference which alters the phase
of the 244-Hz three-phase power that drives the head-drum motor when
any errors are detected. Also, during the record mode, a control-track
signal is placed on the tape via the control-track head (one pulse per
head revolution). In the reproduce mode, it is retrieved and compared
with the head tachometer. Any difference in frequency or phase is
detected as an error in the capstan motor speed. A servo system corrects
for such errors.

Video systems also use stationary heads for voice annotation, cuing,
and monitoring. The details of such heads are shown in Fig. 5-10,

Fig. 5-10 Stationalz-head as-
sembly—video recorder.
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and the arrangement of the tracks on tape in Fig. 5-11. The operation
and construction of the stationary heads are the same as already de-
scribed at the beginning of this chapter, the erase head being the only
exception. This head is provided to ensure noise-free tape surface on
which to record the auxiliary channels. A large amount of 100-kHz
current is passed through a 130-mil-wide erase head, which is located
before the auxiliary data heads. With this large current the video signal
is demagnetized and the tape is left clean for the auxiliary tracks. Two
front gaps are used in this type of head to give better degaussing action.

To provide confidence that recording is taking place, a monitor track
(interrupted de track—see Fig. 5-11) can be used to indicate that the
equipment is working. The monitor record head is mounted on a fixed
guide located ahead of the rotary-head asscmbly.
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CHAPTER SIX

Magnetic Tape

INTRODUCTION

As the magnetic heads have Dheen called the “heart” of the magnetic
recording system, so might the magnetic tape be called the “blood.”
Like the heads, the tape has often been taken for granted. Frequently,
little carc is exercised in its sclection, handling, and storage. Just as
a recording system is designed to perform a specific function, to cover
a set range of frequencies or to use a particular type of modulation
technique, so must the tape be designed to meet the wide and various
requircments of such magnetic recording and reproducing systems.

DESIGN CONSIDERATIONS

The manufacturing processes of magnetic tape are full of complications
and contradictions. Many of the design considerations appear to be
in direct conflict with each other. For example, where magnetic tape
should be strong (and strength is generally associated with thickness
and stiffness), it should also be pliable. Pliability is associated with
thinness and limpness. In order for maguetic tape to have high record-
ing and reproducing resolution, the magnetic particles should be in in-
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timate contact with the head. For good head wear, however, the indi-
vidual magnetic particles (which are extremely abrasive) should not
contact the head. In order to have a high signal-to-noise ratio, the
tape should have as many magnetic particles per unit volume as possible
(high density); whereas, to have good pliable, long-wearing qualities,
the tape should have few magnetic particles per unit volume. In fact,
when you come to think of it, the manufacturing of magnetic tape is
close to impossible. This, perhaps, would explain the reason why so
many of the techniques and materials used by the various magnetic
tape manufacturers are classed as proprietary.

The construction of magnetic tape must take into consideration the
magnetic coating and the nonmagnetic backing layers. Each of thesc
layers should be optimized for its specific task. The coating should
have optimum magnetic propertics, a flat surface, and a constant thick-
ness. It should have minimum roughness and be mechanically strong
enough to retain the magnetic particles in position in spite of the fric-
tional stresses introduced when the tape is pulled across the heads.  The
backing should be thin enough to permit a large amount of tape to
be wound on a reel, yet it must be thick enough to prevent excessive
amounts of print-through (magnetic printing effect between two tape
layers when wound on a reel). Additionally, the backing should have
long-term humidity and temperature dimensional stability. It should
have good flexibility and uniform thickness.

The smoothness of the head and tape surfaces affects the speed at
which the magnetic particles are moved past the head. Roughness of
either surface causes irregular amounts of separation hetween the tape
and head (tape flap). This results in apparent irrcgular tape speed
which causes noise to be introduced into the system.  Within the tape
coating, nonuniform dispersion of the magnetic particles will also intro-
duce noise, because the signal-to-noise ratio of magnetic tape is roughly
proportional to the square root of the number of particles. Thus it
might be stated that the magnetic tape must be smooth (uniform) inside
and out to provide optimum recording/reproducing conditions.

Many factors influence the choice of the thickness of the magnetic
coating of magnetic tape. Quite obviously, the total tape thickness will
influence the number of feet of tape that can be wound on a rcel. How-
ever, this criterion is based primarily on the thickness of the backing,
since 70 to 80 percent of the total tape thickness is due to the backing
material. Of greater importance is the frequency response of the tape.
Essentially, the surface of the tape is the prime, or optimum-level, point
for the ac-bias ficlds (see Chap. 3 for a discussion on the need for
ac bias). It is at this surface level that the magnetic field for short
wavelengths (high frequencies) are recorded. The longer wavelengths
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use more and more of the sublayers. As the tape-coating thickness
is increased, the various layers of magnetic particles are less and less
subjected to optimum bias currents (bias fields), and recording sensi-
tivity decreascs. Since the tape-coating thickness must be chosen, in
most cases, to suit a range of frequencies, the thickness must be a com-
promise. It must suit the longest and the shortest wavelengths that
are to be recorded. Generally, the coating thickness is chosen so that
the long wavelengths are limited by the thickness, and the short wave-
lengths limited by overbiasing. With our modern requirement for re-
cording 60-uin. wavelengths, most tape manufacturers have resorted to
thin-coat tapc. The thin-coating thickness is 0.18 to 0.2 mil as compared
with thick coating of 0.41 to 0.46 mil. A definitc improvement in high-
frequency performance has been obtained using thin coating. However,
there is a limit to the reduction of coating thickness, since the long-wave-
length surface field reduces with the thickness reduction, and unfortu-
nately, the tape noise does not also reduce. This is another way of
saying that the fundamental signal-to-noise ratio of magnetic tape de-
pends on the number of samples (magnetic particles) involved. In
general, the more particles in the magnetic medium, the better the sig-
nal-to-noise ratio. Thus, when the thickness of the tape coating is re-
duced, fewer magnetic particles are available, and all other thing being
equal, the signal-to-noise ratio reduces. In summary, we could say that
to have high-frequency tape we need a thin coat, to have good low-fre-
quency tape we need a thick coat, and to have a good signal-to-noise
ratio we must have a dense coating.

To achieve a peak recording amplitude, which improves the signal-to-
noise ratio of magnetic tape, the tape-coating particles are oriented in
the preferred direction of magnetic recording, i.c., longitudinally along
the tape for audio, computer, and longitudinal instrumentation and trans-
versely (across the tape) for rotating-head instrumentation and video.
After the tape backing has been coated, and while the coating layer
is still wet, the magnetic tape is passed over a strong magnetizing field.
This field produces an orientation of the magnetic particles in the tape.
The effect of this action is to increase the peak amplitudes of the signal
along the preferred recording direction by approximatcly 6 dB. This
is a signal-to-noise improvement of =3 dB over unoriented tape.

In spite of the complex tape-design criteria, with its attendant diffi-
culties and compromises, the magnetic tape manufacturers have made
very significant improvements in the wide variety of tapes they produce.
They have been able to keep pace with the increased requirements for
quality and quantity of the audio, computer, instrumentation, and video
users by making large-scale improvements in their manufacturing tech-
niques and plants.
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Fig. 6-1 Basic manufacturing processes of magnetic tape.

They have even developed different materials from which to manufac-
ture tape. One of these is chromium dioxide. This material was first
produced from chromium trioxide by Dr. Paul Arthur, Jr., of Du Pont’s
Central Rescarch Department. United States Patent 2,956,935 was is-
sued to Dr. Arthur and assigned to Du Pont based on Dr. Arthur’s dis-
covery. With this material Du Pont has developed a chromium dioxide
magnetic tape called Crolyn.'

Chromium dioxide is synthesized in the form of acicular single-domain
particles that can Dbe varied in length over a wide range (4 to 400
pin.). The particles have an aspect ratio of 10:1.  Becausc of the uni-
form crystal structure, chromium dioxide makes extremely smooth tape.
It also has a low-noisc and a low-print-through factor. Crolyn magnetic
tapes have been made with coating thicknesses of from 80 to 250 uin.

Because the particle size can be kept to a narrow range and there
is excellent dispersion of the particles of chromium dioxide in Crolyn
magnetic tape, a higher-frequency response at low tape speeds and a

' A registered trademark of Du Pont.
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better signal-to-noise are achicved. All this is not without cost, how-
ever. The recording hardware had to be modified to accept the
smoother tape. Record current and bias current had to be greatly in-
creased. Generally, this mcant that recorders not originally designed
to operate with Crolyn had to undergo some rather extensive modifica-
tions to permit using Crolyn magnetic tape. Crolyn costs more than
conventional magnetic tape. It is for these reasons that Crolyn has
not achieved major popularity in the recording industry.

MANUFACTURE OF MAGNETIC TAPE

As may be scen in Fig. 6-1, the actual making of magnetic tape requires
several preliminary steps before actual coating can take place. Once
the coating process has been started, it must be a continuous one. Even
splices, if required, arc made while the tape is moving. The basic re-
quirements of each step in the manufacturing process are described
in the following paragraphs.

Oxide Conversion

Figure 6-2 shows the processes by which the raw nonmagnetic lemon-yel-
low alpha ferric oxide (Fe.O4-H.O) is converted to the rust-brown-
colored acicular-shaped gamma form of ferric oxide (Fe.Osy). During
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ferric oxide ChauSELD ferroso-oxide y ferric oxide

(Fez05 120 (Fe0¢t H;0) (Fe20s v)
[ ] |

Dehydrotion Reduction Controllied oxdation
Heat Hp or Cooling
opphed Hz +CO +0,

N/

Corried out simultaneously
n rotary kiin

Fig. 6-2 Oxide conversion.
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this conversion, carefully controlled dehydration and oxidation processes
result in regulation of the Fe,Oyy particle sizes. Those batches which
result in particle sizes that average lengths of approximately 30 pin.
are used for low-frequency, long-wavelength tape, whereas those batches
that have average particle sizes ,of 20 gin. are used for high-frequency,
high-resolution tape. Lately, experimental tape has been made using
particles as short as 7 gin. Such tapes have very high frequency re-
sponse and high signal-to-noisc. However, constancy from batch to
batch remains a problem for large-scale production of such tape. The
magnetic particles have a length-to-width ratio of approximately 8:3.

Today’s high-frequency tapes use Fe.O,y particles with a coercivity
factor of 270 oersteds and a retentivity value of 1,200 gauss. Coercivity
H. may be dcfined as the magnitude of the magnetizing force required
to reduce the remancnce magnetism to zero. Retentivity B, is defined
as the remaining, or remanence, magnetism, i.e., the amount of mag-
netization or flux density remaining in a magnetic material after the
magnetizing force has been returned to zero.

Mix Preparation

The dispersion of the magnetic particles and the preparation of the
coating mixture for making magnetic tape employs many of the technolo-
gies developed for the manufacture of paint. The processes are compli-
cated, however, by the fact that each of the small magnetic particles
acts as a miniature bar magnet. Thus they tend to cling together and
form agglomerates. During the preparation of the coating mixture, it
s necessary to separate these small masses into their individual particles
and hold them apart. Additionally, gamma ferric oxide particles are
highly abrasive, by the very nature of their crystalline structure, shape,
and size. Thus each individual particle must be completely coated with
binder formulation which will serve many purposes, as follows:

1. It will encapsulate each of the small magnetic particles with a
relatively soft layer that will be used to keep each of the particles sepa-
rated from the other.

2. It will form a protective layer around each magnetic particle to
act as a cushion between the oxide particles on the tape surface and
the head. This reduces the head wear.

3. The binder will have adhesion (hold the magnetic particles firmly
to the backing material).

4. The binder will have cohesion (allow no oxide or binder shed
that would clog the heads).

Tape wears out because the binder system degenerates and loses its
ability to hold the particles to the backing material (loses its adhesion
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qualities). IIcad wear increases as the particles loosen, because they
will then tend to expose surfaces to the heads that are deficient in
protective binder material.  The steps involved in processing the coating
material are shown in Fig. 6-3. The ball or pebble mill is used to
force the agglomerated particles apart, coat cach with binder material,
and disperse them uniformly throughout the mixture. Steel ball bear-
ings arc used in the ball mill, and specially selected pebbles are imported
from France to use in the pebble mill. The pebbles are chosen for
their smooth surfaces and uniformity of size and hardness. The pebbles
do not contaminate the oxide material.

The first step in the process is to wet down the particles and separate
the agglomerate masses. To do this, part of the solvents, dilutants,
and dispersants and all the ferric oxide material are placed in a ball
or pebble mill.  The rotational movement of the mill cascades the balls
or pebbles against cach other and against the mixture. This action
separates the oxide masses into their individual particles and holds them
in dispersion. At this point the balance of the solvents, dilutants, and
dispersants plus the binders, stabilizers, conductive agents, plasticizers,
and lubricants arc added. The whole mixture is then milled for 17
to 100 additional hours, or until tests prove that the individual magnetic
oxide particles are coated with binder material and uniformly dispersed
throughout the mix. Uneven dispersion will result in uneven tape coat-
ing. This in turn will produce pronounced level variations in the record
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until dispersion until
of porticles mix (s
is complete umform
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Fig. 6-3 Mix preparation.
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and reproduce signals, particularly at the higher frequencies.  Addition-
ally, the overall sensitivity of the tape will be reduced and the noise
level increased.

Base Film

Modern high-frequency, high-speed magnetic tape recorders have placed
critical demands on the base film used as a backing material for magnetic
tape. Fast start-stop times, such as experienced with digital recorders,
require a tough base that will withstand sudden applied loads. Long-
term storage requires that the tape does not become embrittled or de-
formed over relatively wide ranges in temperature, and is not attacked
by fungus or mildew. Iligh frequencies require the tape to be pliable,
so that good head-to-tape contact is made. Thus we must examine
the base film used for magnetic tape for qualitics of dimensional stability,
strength, toughness, pliability, resistance to attack by mildew and fungus,
and the cost of all these critical demands to the end user.

Although many types of base materials have been used over the years,
such as paper, cellophane, thin metal strips, cellulose diacetate, cellulose
triacetate, polyvinyl chloride, and polyethylene terephthalate (poly-
ester), only the cellulose acetates and the polyesters have become com-
mercially important in the United States. Polyvinyl chloride is used to
a large extent for making audio tape in Europe.

Table 6-1 illustrates the essential differences between the acetates
and the polyesters when based on a film thickness of 1.5 mils and a
tape width of 0.25 in. There are advantages and disadvantages in both
types of material; thus the manufacturer of magnetic tape must weigh
one criterion against another before choosing the backing film for a
particular magnetic tape.

It is obvious from Table 6-1 that polyester film is superior to the
acetates in all but two areas, uniformity of thickness and cost. There-
fore, for those markets where cost is of less importance than quality
(i.e., professional audio, instrumentation, digital, and video), polyester
film is used almost exclusively.

The Coating Process

Once the coating process is started, the tape movement must be con-
tinuous or the coating, particle orientation, and tape-drying processes
will be incomplete and irregular and the tape will be damaged beyond
recovery. Additionally, in some tape-manufacturing plants the tape-
polishing process is also part of the in-line processes. The raw backing
film, once started at one end of the line, would have become polished
tape at the other.
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TABLE 6-1 Basic Differences between Acetate and
Polyester Backing Materials

Acetate . Polyester

Manufaeturing techniques. .| Compounding of cellulose | Synthesized fromn petro-

acetate and plasticizers | leum derivatives
Cost..............oo.... Less expensive More expensive
Thermal dimensional stabil-| Coeflicient of thermal ex- | Coeflicient of thermal ex-
ity | pansion per 1° change of | pansion per 1° change of
temperature = 3.0 X temperature = 1.5 X
1073 in./(in.)(°F) 107%in./(in.) (°F)
ITumidity dimensional stabil-| Coeflicient of expansion Cocflicient of expansion
ity per 19, change of relative | per 19 change of relative
humidity = 15 X 10-3 humidity = 1.1 X 10-8
in./(in.)(% RII) in./(in.) (9% RII)
Effect of exposure to high Tends to contract because | Relatively unafiected up to
temperatures on size shrinkage due to dehy- 80°C, beyond which it
dration exceeds the ex- then behaves like an

pansion due to tempera-| elastomer
ture inerease

Effeet of exposure to high Loses plasticizer and be- | Remains fiexible
temperatures on toughness| comes very brittle

Tensile strength. . .........|5.61b (2.545 kg) 111b (5.0 kg)

Tear strength.............. |4 g 25 g

Mildew and fungus resis- “
tanee................... | Low Iligh

Uniformity of thickness.. ... Excellent | Good

Width toleranee............ 0.248 4 0.000 [0.248 4+ 0.000

— 0.004 in. — 0.004 in.
Length tolerance........... —0 4 30 ft per reel —0 + 30 ft per reel

Many types of coating methods have been used successfully for mak-
ing both thick-coat (0.41 to 0.46 mil) and thin-coat (0.18 to 0.2 mil)
tape. Some of these are:

1. Reverse roll. The coating thickness is in direct relation to the
distance between the surfaces of the rollers.

2. Gravure coating. The depth of the engraving will control the coat-
ing thickness, and the viscosity of the mix will control the dispersion
of the small beads of coating material.  Sce Fig. 6-4.

3. Knife-blade coating. The coating is applied directly to the film
web, and a fixed blade is used to scrape off the excess. The distance
between the blade edge and the basc-film surface determines the thick-
ness of coating. See Fig,. 6-5.

4. Extrusion coating. This method uses a large-diameter, highly pol-
ished roller. Carefully controlled amounts of coating mix are extruded
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onto the surface of the roller at the beginning of its revolution. Later
in the revolution, the coating mix is transferred by pressure to the film
web.

5. Spray coating. This method uses pneumatic or electrostatic forces
to spray the coating mix onto the surface of the film web.

Particle Orientation

After the coating process, and while the coating is still viscous cnough
to permit rcarrangement of the oxide particles, the web is passed
through a magnetic field. This will orient the particles in the preferred
direction of recording, i.c., longitudinally for fixed heads and those used
for helical-scan video and transversely for rotating heads, both instru-
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mentation and video. Particle orientation improves the signal-to-noise
ratio by =3 dB.

The Drying Process

The tape coating is usually dricd in a bank of large ovens.  Both micro-
wave and infrared drying techniques have been used, in addition to
the hot-air oven. Each bank of the oven uses a different temperature
and direction of air flow. Tape with a wet-coat thickness of 1 to 1.5
mils will be reduced to 0.2 mil in the dry state.

Tape-surface Polishing

Since the tape-coating material (Fe,O,y) is in the form of long needle-
shaped particles, some of them are bound to project from the surface
of the tape. Quite naturally, this would cause unwanted head wear.
Therefore the tape surface must be treated in some way, with the ulti-
mate objective of having a smooth, highly polished surface of usable
magnetic oxide. Many methods have been used to achieve this obiec-
tive. The surface has been buffed with an Arkansas stone and brushed
with a high-speed rotary brush made of horsehair or nylon. The tape
has also had a razor blade or surgical knife-edge applied to scrape
off the projecting coating particles. Additionally, the tape has been
passed back over itself between pressure rollers which allowed the oxide
coatings to polish cach other. By these methods large quantities of
oxide dust are formed, and there is a tendency to tear the oxide particles
from the tape surface, causing voids. There may also be fractured par-
ticles on the tape surface which produce noise. See Fig. 6-6.

Another tape-polishing method is called Ferrosheen.' This process
uses a technique that does not tear out or fracture the surface parti-
cles. It does, in fact, literally “iron the surface flat.” By pressing the

' Registered trademark of the Ampex Corporation.
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Fig. 6-6 Tape-surface imperfections left by some surfacing tech-
niques.
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particles back into the main body of the tape coating, instead of pulling
them out, it produces an extremely smooth surface finish of from 6
to 10 uin. Essentially, this is @ process of softening the binder material
with heat and ironing the surface of the tape with a mirror-finished
roller.

No one of these processes has been universally accepted. Often a
combination of two or more of the techniques is used, particularly for
tape used for high-frequency instrumentation and video.

Slitting

The wide webs of polished magnetic tape must be slit into usable widths
to fit the various tape recorders, i.e., 150 mils wide for the small audio
tape cassettes and up to 2 in. wide for rotating-hcad video and instrumen-
tation recorders. The slitting is usually done on a high-speed precision
slitting machine that uses a set of rotating-disc cutters (rotary sheers).
The razor-blade type of cutter has also been used. It is general practice
in the industry to cut the tape under size; ie., for 14-in. tape, cut to
0.246 *0.002 in., for 1-in. tape, cut to 0.498 +0002 in., and for l-in.
tape, cut to 0.998 #0.002 in. This means that the width of the tape
will never excced the size of the tape guides of the tape recorder.

Testing

Just as there is a wide variation in the requirements of audio, video,
digital, and instrumentation recorders, so also is there a wide variation
in the specifications of the tape used for each type of recording. For
this reason the amount and type of testing performed on the various
families of tape are diverse. It is true that many of the qualities are
common to all tapes. The final testing of tape prior to boxing is really
only the last step in a series of tests and inspections that were carried
out during the manufacturing processes. This time, however, as a
finished product, the tape must pass a series of electrical, magnetic,
and mechanical specifications that are laid down for the particular type
of use, i.e., audio, digital, instrumentation, or video.

MAGNETIC TAPE APPLICATIONS AND THE
PARAMETERS REQUIRED TO MEET THEM

Audio Tape
Audio tape is divided into three classes:

1. Mastering tape. Used as the master tape from which records and
prerecorded tapes are made.
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2. Professional tape. That used by professional high-fidelity sound-
recording studios (i.c., radio broadcasting, etc.).

3. Consumer tape. That used by industrial, educational, and home-
recording users.

The first two types of tape are normally supplied on reels, the latter
on reels and cartridge, or the cassette form.

Mastering tape is normally used at 15 ips and over a frequency range
of 20 Hz to 20 kHz. The coating thickness is unusually heavy (approxi-
mately 0.55 mil) to provide an extremely good signal-to-noise ratio and
low-frequency (long-wavelength) response. It must have low distortion
and a very wide dynamic range (better than 63 dB) and provide a
negligible amount of output change even after 1,000 record/reproduce
cycles.

Professional tape must perform on professional-type magnetic record-
ing equipment at normal tape specds of 15 and 7% ips and have
a frequency response of 20 Hz to 20 kHz. It should have a signal-to-
noise of at least —59 dB, print-through of —43 dB maximum, and low
distortion (0.5 percent at standard record levels).

Consumer tape, which forms by far the largest market, is used at
normal tape speeds of 7%, 3%, and 1% ips. The signal-to-noise ratio
should be at least —55 dB, print-through —40 dB maximum, and dis-
tortion less than 1 percent at standard record levels. The dynamic range
should be 56 dB or better.

Typical magnetic propertics of audio tape are:

Intrinsic coercivity I.;, 260-290 oersteds
Retentivity B,, 800-1,050 gauss

Squareness factor ¢,/¢m, 0.70-0.75

Erasure with 1,000-cersted field, better than 60 dB

Longitudinal-instrumentation Tape

Magnetic tape used for longitudinal instrumentation may be classified
as onc of four major frequency-range groups, and one or more oxide
types, wear, or coating-thickness subgroups. These groups and sub-
groups arc as follows:

1. Frequency ranges
a. 100 Hz to 100 kHz at 60 ips
b. 300 Hz to 500 kHz at 120 ips
c. 400 Hz to 1.2 MHz at 120 ips
d. 500 Hz to 2 MHz at 120 ips
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2. Oxide categories

a. A oxide. Used where short wavelengths (high frequencies) are
not a critical factor.

b. B oxide. Used where high resolution and short wavelengths are
required. This category has become the standard oxide for mid-
frequency-range instrumentation tape.

c. E oxide. This oxide is qualificd under federal specification WT
0070/5 for wideband applications (500 Hz to 2 MHz).

3. Wear characteristics

a. Regular wear. Standard of wear is “no appreciable change in
tape characteristics after 1,000 record/reproduce cycles.”

b. Long wear. Provides 10 to 20 times the wear of regular-wear
tape.

4. Coating thickness
a. Thick—0.40 mil nominal
b. Thin—0.20 mil nominal

As may be seen, there could be many combinations of the tape charac-
teristics listed above. Each would fulfill a particular instrumentation
need.

As the frequency-response requirements rose, the need for better tape
became apparent. With higher frequencies, smaller head gaps were
used, the angle of wrap around the head was changed (see Chap. 5),
and smoother tape was needed if cxcessive head wear or gap smear
was to be avoided (Fig. 6-7). Additionally, the tape must have fewer
dropouts, lower print-through, and less skew. Higher-frequency re-
sponse also required very close head-to-tape contact to prevent separa-
tion loss, which follows the formula 55d/A» dB (where d = distance
of separation in inches and X = wavelength in inches), this being a
second reason for smooth tape. The higher tape spceds caused higher
friction and its resulting heat. This caused binder breakdown of the
older-type tapes and resulted in head clogging by the buildup of loose
binder on the trailing edge of the gap. Coincident with head clog,
there was also an oxide buildup on the leading edges of the gap. The
new high-frequency, high-resolution instrumentation tapes are a far cry
from their predecessors.

Typical magnetic properties of instrumentation tape are:

Intrinsic coercivity H;, 255-275 oersteds

Retentivity B,, 1,000-1,200 gauss

Squareness ratio ¢,/ ¢m, 0.75-0.79

Coating roughness, 5-15 uin. peak to valley

Dropouts per 100-ft tape, 3-4 as defined by federal specification
WT 0070
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Fig. 6-7 Head-wear gap-smear problems.

Computer Tape

Computer tape is designed for use with the digital-tape transport and
the associated digital computer. As such, since the computer format
consists of bits of information (digital format 1 and 0), the loss of
a single bit will jcopardize the associated data. The most critical re-
quirement of computer tape is its freedom from error even after extended
use.

Computer tape must be clean and free of irregular widths that cause
skew, and it must have a uniform coating thickness. Also, by virtue
of the “search, read, and write” techniques used with digital recorders
and the rapid acccleration and deceleration that results, the tape pack
tends to cinch (slippagc of part of the pack on the reel with relation
to the adjacent section), and this will fold over and damage the tape.
To prevent cinch, antistatic and lubricating compounds are added to
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the tape mix. A sccond reason for the use of antistatic compound is
that any static charge attracts dust and lint and causes dropouts.
Because of the stringent requirements of the computer industry, most
computer tapes are or can be bought with the manufacturer’s certifica-
tion of being “error-frec” (dropout-free) at a particular-bit packing den-
sity, i.e., zero errors at 200,556, or 800 bits/in.
Typical magnetic properties of computer tape arc:

Intrinsic coercivity H;, 250-270 oersteds

Retentivity B,, 990-1,290 gauss

Squareness ratio ¢,/¢m, 0.70-0.78

Magnetization saturation, 90% value below 900 ocrsteds

Rotating-head Video and Instrumentation Tape

This tape may be divided into four major categories:

1. Transverse video tape

2. Rotating-head instrumentation tape

3. Helical-scan video tape

4. Longitudinal, stationary-head video tape

Each of these catcgories may be further subdivided into smaller
groups having specific frequency ranges, widths (that is, 2, 1, 14 in,,
etc.), and wear propertics.

The principal characteristics of ecach main category are as follows:

1. Transversc video tape. 2 in. wide, transversc-oriented; base film
(backing) 1 mil polyester; coating thickness 0.40 mil nominal; signal-to-
noise ratio, longitudinal, —46 dB, signal-to-noise ratio, transverse, 53 dB;
wear life better than 900 passes with 1.5-mil tip penetration (head
engagement ) and 250 passes with 2.5-mil tip penetration.

2. Rotating-head instrumentation tape. 2 in. wide, transversely
oriented; base film 1 mil polyester; coating thickness 0.40 mil nominal;
signal-to-noisc, longitudinal, —46 dB, signal-to-noise, transverse, —53 dB;
wear life better than 200 passes with a 2.5-mil tip penetration.

3. Helical-scan video. 2 or 1 in. wide, longitudinally oriented; base
film 1 mil polyester; coating thickness 0.40 mil nominal; video signal-to-
noise 42 dB minimum, audio signal-to-noisc —46 dB minimum; stop
motion operation 5 min minimum.

4. Longitudinal, stationary-head video. V in. wide, longitudinally
oricnted, all other properties same as for wideband-instrumentation tape.

Because of the requirements of helical-scan and rotating-head video
and instrumentation recorders, there is a comparatively high head-to-tape
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contact speed, i.e., for 1-in. helical-scan recorders 1,000 ips, 2-in. helical-
scan 640 ips, and 2-in. rotary-head 1,500 ips. Additionally, since very
close head-to-tape contact is required, the heads are arranged so that
they penetrate, or “dig,” into the tape from 1.5 to 3 mils (Fig. 5-9). This
head penetration (tip penetration), together with the high head-to-tape
contact speed, causes increased temperatures and head and tape wear.
The high temperatures, together with the physical distortion of the tape,
have created special problems for the tape manufacturers. Under such
conditions, ordinary tape binders break down and “clog” the head gap,
causing the gap to short out and the tape to be lifted from the head
surface. Thus special binders had to be developed that would hold
up under such demands. The friction tended to wear the heads and
tape badly; therefore special lubricants had to be used, particularly
with tape that was used for helical-scan “stop action.” Rough tape
not only wears the heads but causes tape flap. Due to the moving
heads, tape flap causes a dropout that lasts for some time. This long
dropout produces a “shadow” in the video picture. For these reasons
most video and rotating-head instrumentation tape is 100 percent tested.
Typical magnetic properties of video tape are:

Intrinsic coercivity H;:
Longitudinal, 230-240 oersteds
Transverse, 260-270 oersteds

Retentivity B,:

Longitudinal, 800 gauss
Transverse, 1,000-1,300 gauss

Signal to dc noise:
Longitudinal, —46 dB
Transverse, —53 dB

7.5-mil-wavelength sensitivity:
Longitudinal, —2.5 dB
Transverse, 4.0 dB

The problems, critical areas, and magnetic properties of stationary-head
video are the same as those already discussed for longitudinal instrumen-
tation. The reader is referred to the preceding paragraphs on instru-
mentation tape for details.
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CHAPTER SEVEN

The Recording and
Reproducing Process

HOW RECORDING TAKES PLACE

Fundamentally, the process of magnetic recording is the magnetization
of the magnetic particles in the tape. The cxact pattern into which

these magnetic particles are formed depends on the type of recording,
With direct recording, for example, the current which the record am-
plifier presents to the head has a frequency and an amplitude which
are analogous to the frequency and amplitude of the incoming signal.
In other words, it might be stated that the incoming electrical signal
contains three parameters, amplitude, polarity, and time. When this
signal is recorded on magnetic tape, the magnetic medium must be
magnetized so that a given amplitude, a given polarity, and a given
point on the tape represent the electrical signal at any instant in time.
Figure 7-1 illustrates the resulting magnetic flux pattern in the tape
for a changing sinusoidal input. Here it may be seen that the magnetic
field intensity produced is proportional to the head current. It should
also be noted that there is a small kidney-shaped magnetic pattern for
each half-wavelength. Additionally, where the signal passes through
its zero value, the polarities of the kidney-shaped magnetic fields are
the same, ie., north-north- or south-south-pole combinations. These
63
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Fig. 7-1 Magnetic flux pattern on tape.

similar poles will cause demagnetization, a loss factor that will be dis-
cussed in detail later in this chapter.

The reader is also referred back to Fig. 4-2, showing the effects of
a magnetizing force on a number of domains, for an illustration of the
domain-vector alignment with varying amounts of head current. This
figure also indicates the hysteresis effects of magnetic materials (non-
linear B-H curve, with its knee and instep).

Because of the hysteresis and demagnetization effects, the amount of
remanent flux ¢, is not directly proportional to the magnetizing field
strength H. As stated in Chap. 3, a conversion factor K must be added
to the formulas for recording. To sum up the recording mode mathe-
matically, it can be shown that the record current and the resulting
remanent flux at any instant equals

= [ sin wt (7-1)
where ¢t = time, sec
I = maximum current
1 = instantaneous value
w = 2xf
f = recording frequency, Hz

The instantaneous magnetizing force H will be proportional to the
instantaneous current i, less the loss due to the eddy currents, etc.
This means that the remanent flux ¢, and the remanent induction B,,
which are a function of the magnetizing force H, will also be proportional
to the instantaneous current i, less hysteresis® and demagnetization losses.

Thus, substituting in Eq. (7-1),
¢, = KI sin wt (7-2)
To represent the remanent flux at any point along the tape, it will be

! To be explained later in this chapter.
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necessary to convert time ¢ to distance x, and frequency f to wavelength
A.

Since time
distance x
tape speed s

and frequency
tape speed s

- wavelength X
then

Jt =

> 18

and substituting in Eq. (7-2),

2
¢ = KI sin —’;f (7-3)

HOW REPRODUCTION TAKES PLACE

The fundamental process of reproducing from magnetic tape is based
on the voltage induced in the reproduce head by the magnetic flux
lines that emerge from the tape surface and pass through the reproduce-
head core. The value of the voltage is a function of the speed at which
a given number of flux lines cut a fixed number of turns of the windings
of the reproduce head. Thus the amount of reproduce voltage is based
on the rate of change of flux.

As may be seen in Figs. 7-1 and 7-2, the emerging flux is designated
B,. It will be proportional to and vary with ¢, so long as the tape-
coating thickness does not vary within the reel of tape. Tape-coating-
thickness loss will be explained later in this chapter. The remanence
flux ¢, at the center of the kidney-shaped magnetic fields is maximum,
but its rate of change is minimum (Fig. 7-2), whereas at the end of the
magnetic fields, the remanence flux is minimum but its rate of change is
maximum. Thus the mathematics of the reproduce mode may be .ex-
pressed as

a9,
= K’ 7-4
B, =K (7-4)

where B, = emerging flux
K' = proportionality factor (takes into account losses due to tape-
coating-thickness changes, etc.)
d = symbol for change
¢, = remanence flux
t = time, sec
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Fig. 7-2 Reproduce-head output and the phase relationship between
record and reproduce processes.

Since t = x/s, f = s/A, and ¢, = KI sin t, by substitution in Eq. (7-4)

o 2
B, = K'I 7" cos %” (7-5)

The instantaneous voltage developed in the reproduce head is directl
g I P y
proportional to the number of flux lines cut in unit time, thus:

2 2
eout = K'Bys = K''Is Tr cos %x (7-6)
More conventionally,
e = KIf cos wt -7

These formulas have indicated that:

1. The output voltage is proportional to the record current.

2. If the tape speed is the same, the reproduce frequency is the same
as the record frequency.

3. The output voltage is proportional to the frequency, and follows
a 6 dB/octave curve (an octave is two times the frequency).

4. The change from the sine to cosine in the formulas indicates that
the record current and the output voltage have a 90° phase difference
for corresponding points along the tape.
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5. The surface induction and the output voltage will increase linearly
with frequency for a constant level of recording current (where head
losses, etc., are taken into consideration).

DETAILS OF THE RECORDING PROCESS
The Hysteresis Loop

The hysteresis loop (Fig. 7-3) may be considered as nothing more than
a visual indication that:

1. The magnetic intensity B lags behind the magnetizing force H.
2. The remanent flux ¢, or the remanent magnetism B, induced in the

magnetic medium does not vary lincarly with the magnetizing force H.
3. The domain-vector alignment is not lincar.

If the magnctic medium (magnetic tape, for example) is assumed
to be in an unmagnetized state, and a gradually increasing and unlimited
magnetic force 1 is applied, the value of the magnetic intensity B for
any value of magnetizing force will follow the curve OP until saturation
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Fig. 7-3 The hysteresis loop.
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is reached. The saturation point is designated in Fig. 7.3 as B,,.. or
B,, and the saturating force as H,... If the magnetizing force is re-
duced to zero (point 0), the magnetic intensity will not follow the
original path, but rather take the path PQ. The tape still contains
a magnetic induction cqual to B, at this point Q. If a magnetizing
force with a negative polarity is now applied to the medium, the curve
QRS will be gencrated. Point S is the negative saturation point. The
reduction of II to zero and its further application in the positive direction
will complete the loop. PQRSTUP is called the hysteresis loop and
illustrates the relationship of B to I1.

With reference to Fig. 7-4, if the magnetizing force H is increased
from zero to a value less than that required to saturate the magnetic
medium, the magnetic intensity B will follow the curve OV for positive
values of H, and OX for negative values. The reduction of the magnetic
force H to zero and back to +H’ or —H’ would carry the magnetic
intensity over the minor hysteresis loop VWWV or XYYX, depending
upon the polarity of the magnetizing force. If the magnetizing force
has a value of H’ minus to H’ plus, then a minor hysteresis loop of
XYVWX will be formed.

To erase a recorded signal from the magnetic medium (tape, etc.),
it is necessary to subject the medium to a slowly diminishing cyclic
field. Referring to Fig. 7-5, it can be seen that if the magnetizing force
H is cycled between the positive and negative saturation levels, while
the medium is first permitted to be saturated in one direction and then
slowly drawn from the influence of the magnetic force, the medium

PQRSTUP Hysteresis locp

VWWV Minor hysteresis
- loop, positive
quadront

/ v/ XYYX Minor hysteresis
/ loop, negotive
/ quodrant

H'+ Mognetizing force,
positive

M- Mognetizing force,
negctive

6] Zero magnetizing
force, zero magnetic
induction

Fig. 7-4 Variations of magnetic induction B with magnetizing
force H when H is less than that required to saturate the medium.
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Fig. 7-5 The erase process.

will have been subjected to a slowly diminishing cyclic field, and the
magnetic intensity B will have followed the path PSABCDE, etc. The
magnetic induction has undergone a series of successively smaller hyster-
esis loops until it reached zero.

In modern commercial bulk-erasing devices called tape degaussers,
it is normal that the reel of magnetic tape be placed on a moving turn-
table and a large 60-cycle electromagnet passed across both sides of
the tape reel. This design creates the slowly diminishing cyclic field
across and through the tape reel necessary for a minimum of —60 dB
of erasure. Most audio recorders, instrumentation-loop recorders, and
certain sections of a video-head assembly (Fig. 5-10) are fitted with
a special erase head. These heads generally use a high-frequency cur-
rent to provide the cyclic ficld. Erasing action could also take place
if a rheostat or some similar device were used to bring the cyclic current
through the erasing coil of a degausser to full saturation and back to
zero. Using this technique, both the magnetic medium and the de-
gausser are stationary; only the current changes.

The Need for Bias

If a graph of the remanence magnetism for each value of magnetizing
force is plotted, it will form the curve shown in Fig. 7-6.  The nonlinear-
ity indicated is of great importance in magnetic recording. It is normal
that direct and FM recording techniques use the relatively linear area
of the B,-H curve betwcen the instep and the knec. Pulse-type re-
cording, on the other hand (i.c., digital and PDM, etc.), use the portion
of the curve that is above the knee (saturation). To place the direct
and FM record signals in the lincar area, it is necessary to add bias
to the record current. Particularly with direct recording, a considerable
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Fig. 7-6 Remanence flux vs.
magnetizing force. B,-H curve.
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Fig. 7-7 Zero-bias recording.

amount of distortion would occur if the data signal were allowed to

place the B, at the instep or knce of the curve.

Recording without Bias Figure 7-7 shows what happens when a
very small or a very large input sine wave is recorded without bias.
With the large input, a large amount of distortion results. On the other
hand, with the small signal, cven though it is recorded on the linear
portion of the curve (around the origin 0), the output is so small as
to be unusable. Thus, with this type of recording technique, there
are two choices, neither of them acceptable: the restriction on the maxi-
mum level of operating current results in a poor signal-to-noise ratio;

a high operating level results in severe distortion.



The Recording and Reproducing Process 71

Recording with DC Bias The first method of obtaining a linear record-
ing was by using dc bias. This was done in one of two ways. One
method is illustrated in Fig. 7-8. Here, starting with completely de-
gaussed tape, enough dc bias is added to the data signal to shift it to
the operating area between the instep and the knee. A good linear
remanent induction B, results, It should be noted, however, that only
one-half of the B-H curve is used. Thus the remanent induction B, has
a relatively low level. Additionally, this method tends to magnetize the
record head and tape with the dc component. Thus a low signal-to-
noise ratio is obtained. The other method of using dc bias is to
magnetize the tape to saturation in one direction before recording.  This
will leave a remanent induction B,, as shown in Fig. 7-9.  When an input
signal with dc bias is applied, it will be placed on the relatively large
and straight portion of the hysteresis loop, i.e., between x and y. The
amount of dc bias should be nearly cqual to the coercive force I, and
opposite in polarity to the saturation direction. With this dc-biasing
method a larger portion of the B,-II curve is used than with the first
system. The output signal is greater, the signal-to-noise ratio is better,
but as in the method of Fig. 7-8, dc noisc is introduced.

Direct-current biasing can providv outputs with a signa]-t()-n()isc ratio
of better than —30 dB and distortion levels of less than 5 percent.  Since
the circuitry used is relatively simple, most inexpensive tape recorders
use one or the other of the dc-biasing methods described.

Recording with AC Bias As has already been discussed, recording
without bias and recording with dc bias result in poor signal-to-noise

Remanent induction By
on tape

Remanent dc bigs

\* H+

dc noise introduced

dc bigs

is-
Fig. 7-8 DC-bias recording—method 1.
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ratios and severe distortion. Many theories have been proposed as to
why ac bias increases the output and reduces distortion; nevertheless,
no single theory has yet accounted for all the phenomena that have
been observed. Neither has any explanation been accepted by all the
authorities.

From the studies of magnetism it is known that the domains are tightly
locked together. To loosen thcse magnetic bonds and allow the signal
to modulate the vectors (record a signal by changing the direction of
the domain vectors—see Fig. 4-2), a large amount of magnetic energy
is required. It would appear that until a particular threshold of re-
sponse is reached, little or no signal recording can take place. This
could be explained by a mechanical analogy; i.e., even though the at-
mospheric pressure has changed, and the needle of the aneroid barome-
ter should changg, it takes a slight tap on the glass to break the bearing
friction before the needle is at its right reading. Like the barometer
needle, the domain vectors, once unlocked, move with relative ease until
the knee of the B-H curve (saturation) is reached. Although the non-
linearity of the knee area is fixed for the particular type of magnetic
medium, the instep area can be influenced by the ac bias, the ac bias
acting as the “tap on the glass.” Both the shock of the tap on the
glass and effect of the ac bias must die away (return to zero) before
the small data signal (pressure, or magnetic flux) is recorded. Gener-
ally speaking, the ac-bias strength compared with signal size is anywhere
from 5to 25 to 1.
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Referring to Fig. 7-10, it may be seen that the analogy of a push-pull
circuit is being used to explain the action of ac bias. Many other valid
analogies have been used by other authors (see References at the end
of the chapter). However, we will stay with the push-pull explanation
for the sake of simplicity. The data have been linearly mixed with
the bias. Together they form the waveshape with the envelopes ABC
and A’B’C’. The envelope is, cffectively, the curve of the modulating
data signal. The envelope ABC operates in the positive quadrant, and
envelope A’B’C” in the negative quadrant, of the B-H curve. Examina-
tion of Fig. 7-10 shows that when envelope segment AB is in the positive
straight-line portion of the B-H curve, segment A’B’ is in the nonlinear
negative portion. Converscly, when the envelope segment BC is in
the nonlinear, positive portion of the B-H curve, segment B’C’ is in
the linear, negative portion. When using the push-pull analogy, it is
reasonable to assume that the resultant remancnce induction B, is the
difference between the two resulting curves V'W’ and Y’X’ at any in-
stant. If this be the case, the resultant remanence induction EFGHI
will be a faithful reproduction of the input signal ABC.

The ac-bias method of recording produces none of the noise that
is inherent with dc biasing. It uses both quadrants, and therefore pro-
duces a greater amount of remanence induction. With a larger signal
there is a better signal-to-noisc ratio. The application of ac bias is

| B+

Resultant remanent
induction B on tape

G H+
\ /'

Envelope of ac {high frequency)
bias and signal

l \ ac ( high frequency) bios

Fig. 7-10 AC-bias recording.
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not without its pitfalls, however. To take full advantage of it, the fol-
lowing points must be observed:

1. The ac-bias frequency is chosen to be three to five times the highest
signal frequency to be recorded. If this is not done, modulation effects
taking place in the record system will give rise to beat notes that will
increase the system noise. Audio systems commonly employ 50 kHz
as the bias frequency, whercas frequencies as high as 7.7 MHz are
used in wideband instrumentation systems.

2. The bias should contain no even harmonics. The even harmonics
will make the positive and negative peaks of the bias current unequal.
Any asymmetry will produce a de component which will cause noise.

3. An optimum ac-bias current must be selected, one which is com-
patible with the heads and magnetic medium in use. This current
should be the best balance hetween extended high-frequency response
(a large amount of bias substantially reduces the high-frequency re-
sponse), low distortion (too little or too much bias causes distortion),

and high output.

The adjustment of the amount of bias, particularly with wideband
systems, becomes extremely important. Audio systems and low- and
intermediate-band instrumentation recorders normally use a fixed
amount of bias. This amount has been set by the tape-recorder manu-
facturer as the value that gives the best balance of requirements by
the heads and average reel of tape. For the direct mode of recording,
this value will provide a good compatibility of recording from recorder
to recorder. With widceband systems, however, the amount of bias must
be set for the individual head and reel of tape. As can be seen in
Fig. 7-11, the reel of tape has a saturation characteristic curve through
the band of frequencies for which it was designed. If a high frequency
is selected, i.e., the highest frequency of a particular recording system
(in our example, 2 MHz), the amount of bias is set so that there is
maximum output of the 2 MHz when it is recorded and reproduced.

Moximum output of tape

I Overbios ~——_ aAmount of bios to gve
1 dB drop of output at
¥ highest frequency,
N\ but increases signal-
t to-noise ratio
QUi Gl Amount of bias 1o give H ;1-1 d8
ngczl of wide maximum Output ot highest
n
magnetic frequency (2 MHz) : :
WG i
11
lag of frequency “Highest frequency (2 MHz)

Fig. 7-11 Overbias setting for wideband recorders.
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The ac bias is then increased so that the 2-MHz signal drops 1 to 1.5 dB.
This is called overbiasing. This technique is used to improve the signal-
to-noise of wideband systems while maintaining a wide frequency
response.

RECORDING LOSSES

Refer to Fig. 3-2, wherc it was indicated that if a constant level of
input was fed to the record amplifier and recorded on tape at increasing
frequencies, the output of the reproduce head would not be constant;
it would instead increasc at a 6 dB/octave rate. The deviation from
the straight linc of the 6 dB/octave curve is caused by losses that are
associated with head construction, magnetic-medium characteristics, and
the speed of the tape, among other things. Some of the high-frequency
dropoff of the 6 dB/octave curve is caused by the losses that take place
in recording. These are principally due to demagnctization and bias
crasure, but eddy currents also play a small role.

Demagnetization

Referring to Fig. 7-1, a serics of recorded sine waves will develop a
series of kidney-shaped magnetic patterns that are a half-wavelength
long. If cach pattern can be considered a bar magnet and it is agreed
that each is made up of many particles, it will be seen that the length
of the individual magnets depends upon tape speed and the frequency
of the recorded signal. For very low frequencies the length of the
magnet could be on the order of 0.25 to 0.5 in.,, and for very high
frequencics, in microinches. These small magnets are located along
the tape so that the like poles of the adjacent magnets are facing each
other. The opposition between the like poles will cause a loss of mag-
netic induction (demagnetization). Of course, as the frequency in-
creases, more and more like poles per inch will be formed and the
demagnetism will increase. Also, the opposite poles of any magnet tend
to cancel each other. Thus, as the frequency becomes higher and the
length of the magnet smaller, the canceling effect of the opposite poles
reduces the magnetic induction of the tape.

Bias Erasure

As the amount of bias is increased in a magnctic 1'ccording system,
the magnetic induction will increase proportionately (to a point).
When this bias value is increased further, the amount of magnetic induc-
tion decrcases (Fig. 7-12). Large amounts of bias current exert an
crasing effect similar to an erase head, the greatest cffect being felt
on the higher frequencies. The reason for this is as follows. The
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prime, or optimum-level, point for the ac-bias field is, essentially, the
surface of the tape. It is at this level that the magnetic fields for short
wavelengths (high frequencies) are recorded. The longer wavelength
uses more and more of the sublayers of the tape. Thus, if the bias
field strength is greater than that corresponding to the optimum value,
it will have a tendency to drive the signals with the shorter wavelengths
below the surface of the tape. Maximum effect of bias erasure will
be felt with short wavelengths, and minimum effect with long
wavelengths.

Eddy Currents

Eddy currents may be defined as the circulating currents within the
core of a magnetic head. They flow in the same direction as the core
windings and, if permitted to circulate unhampered, would behave as
if there were a number of shorted turns within the core. Such a short
would dissipate a considerable amount of energy and decrease the effi-
ciency of the head. Eddy currents increase with frequency. Thus,
referring to Chap. 5 on Magnetic Heads, it can be seen in Fig. 5-1
that the number of laminations for the various head cores are different.
As the frequency response of the system was increased, the number
of head laminations was increased, in an attempt to cut down the amount
of eddy-current loss.

DETAILS OF THE REPRODUCE PROCESS

In the earlier part of this chapter and in Chap. 3, it was stated that
the basic function of the reproduce head is to change the magnetic
field pattern found in the magnetic tape into a voltage e, and the repro-
duce head will act as a miniature gencrator following Faraday’s law,
ie.,

dé

=N— 7-8
e 7 (7-8)
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where e = instantaneous voltage

N = number of windings around the core
d = symbol for ehange

¢ = magnetic flux

{ = time, sec

It has also been stated that the voltage created in the reproduce head
follows a 6 dB/octave curve (within certain limits). By this it was
meant that as the frequency doubles, so will the output voltage from
the head, within the limits set by the losses (Fig. 7-13).

REPRODUCE LOSSES

Gap Losses

It should be noted that the practical output curve of the reproduce
head does not follow the theoretical straight line at the shorter wave-
lengths. This is due, neglecting all other losses for the moment, to
the size of the reproduce-head gap I compared with the wavelength
A of the reproduced signal. The deviation from the straight line has
been called the finite-gap-length loss, air-gap effect, or gap loss.

The physical and the effective magnetic gap lengths are somewhat
diffcrent, due to manufacturing tolerances of the gap (size and contour
of the edges) and the cffects of the final polishing of the head. The
polishing is done using very fine grinding tape; the grinding tends to
harden the surface of the head at the gap, and this reduces the per-
meability of the head material in the gap area. Under these conditions,
the gap tends to spread out on either side. The effective magnetic
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Fig. 7-13 Theoretical response of a perfect reproduce head.
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gap length is 10 to 15 percent larger than the physical size. Thus [
used in the formulas to follow, and as shown on Fig. 7-13, refers to
the effective magnetic gap length.

In order for a voltage to be gencrated by the reproduce head, it
is necessary that there be not only a change in the density of the mag-
netic flux, but also a magnetic potential difference across the head gap.
The output level of the head will be determined by the formula 20
log sin (180° I/x). Thus, as can be scen by comparing the I/x ratios
of Fig. 7-14 with the corresponding points on the practical response
curve of Fig. 7-13, the maximum output for a reproduce head, taking
gap loss only into account, is the point where A/2 = l. Maximum out-
put will also occur where 3A/2 =1, 5A/2 = I, etc. Minimum outputs
occur where A = [, 2x = [, ctc.

In addition to the reproduce-gap losses, there are also the losses that
occur in the recording mode to take into consideration. These are de-
magnetization, bias erasure, and eddy currents. Thus Fig. 7-13 should
be modified to look like Fig. 7-15.

Head-azimuth Loss

Incorrect head-azimuth alignment is a source of high-frequency loss.
Correct azimuth alignment, on the other hand, means having the gap
sides exactly perpendicular to the tape path. This is an extremely diffi-
cult thing to do, with all the manufacturing tolerances involved, particu-
larly with multitrack heads (Fig. 5-4).

Figure 7-16 represents the relationship of a tilted head gap to long,
medium, and short wavelengths recorded on magnetic tape. The north
and south poles of the various recorded signal are shown by whole and
dashed lines, respectively. The head gap is illustrated by two parallel
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lines. Referring to the long-wavelength portion of Fig. 17-16a, it can
be seen that if the head is perpendicular to the tape path, both the
upper and the lower gap edges will expericnce the same phase and
there will be no azimuth error.  On the other hand, if the gap is tilted,
the upper and lower gap cdges sce a phase difference.  This will result
in magnetic flux lines flowing between the upper edge and the center
line of the gap and the lower edge and the center line. These flux
patterns will be slightly out of phase, and therefore a resultant flux will
occur which produces an output voltage that will be lower than from
a head with no azimuth error. With the medium a (Fig. 17-16q),
the upper cdge of the gap is crossing the south pole, while the lower
edge is crossing the north pole. This will mean that the flux lines from
the upper edge to the center line will be passing around the core in
one direction, while the flux lines from the center line to the lower
edge will be passing around the core in the opposite direction. The
total resultant flux is zero, and the voltage out will also be zero.
Referring to the short wavelength of Fig. 17-16¢, it may be scen
that the tilt corresponds to onc complete wavelength. The total flux
across the gap will be zero, as will the output voltage. Figure 17-165
shows the changes that will occur when the tape is moved a quarter-wave-
length from the position shown in Fig. 17-16a. Very little change in
output will be noted for long wavelengths. With the medium wave-
length, however, the gap flux lines tend to pass around the core in
the same direction. The maximum flux density will be at the center
line, while the density at the edges will trail off to zero. The resultant
voltage output will be much lower than it would be if the flux density
had been placed across the length of the head gap, i.c., head gap perpen-
dicular to the tape, but much larger than it was in Fig. 17-16a. The
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short wavelength of Fig. 17-16b, like that of Fig. 17-16a, will have
an output of zero, since the phase of the flux patterns is such that
they cancel each other out.

The mathematics of these losses are ably presented by S. J. Begun,
H. G. M. Spratt, and W. E. Stewart (see Refs. 1, 3, and 4 in the list
of References at the end of the chapter), but it should be noted that
the final equations indicate that there is more than one output peak.
Therefore the rcader is cautioned, when making azimuth adjustments,
to make sure that he has selected the correct setting. This is indicated
in Fig. 7-17 and by the equation

. W tan a
sm f
Ali t loss = 30 1 - — dB 7-9
ignment loss %8 W tan o (7-9)
by
where W = width of recorded track
a = angle of misalignment
A = wavelength of recorded signal

Separation Loss

A serious loss of output, particularly at high frequencies, will take place
in any magnetic recording system when there is separation between
the magnetic medium and the head. R. L. Wallace (see Ref. 2 in the
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list of References at the end of the chapter) has shown that the losses
will vary according to the formula

d
Spacing loss = 55 N dB (7-10)
where d = distance between magnetic medium and face of head at gap,in.
A = wavelength of recorded signal, in.

Any slight hump in the surface of the magnetic medium, such as rede-
posited oxide, lint, dust, etc., or any hollows due to scratches, creases,
or oxide loss, etc., will cause a spacing loss and consequent reduction
in output (Figs. 7-18 and 7-19). Since this loss is wavelength-de-
pendent, the long wavelengths will be little affected and the short wave-
lengths greatly attenuated.

Eddy-current Loss

The reproduce head, like the record head, must be laminated to reduce
eddy currents. Even the finest head construction does not prevent some
loss due to eddy currents; therefore eddy-current loss must be taken
into account and added to the balance of the reproduce losses.

Surface Loss—Magnetic Medium

Whenever the surface of the recording medium is rough (magnetic tape,
discs, or drums, etc.), it will not only wear the heads, but will also
cause an irregular scparation. This bounce, or head bounce, as it is
called, will cause scparation losses similar to those already discussed.
They arc dynamic in nature, however, and almost impossible to com-
pensate for. Therefore the reader is urged to make a careful choice
of the type and quality of the recording medium.  Wideband magnetic
recorders, in particular, requirc cxtremely smooth tape to prevent high-
frequency losses due to the medium surface.

When separation, eddy current, and surface losses are added to the
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previously discussed reproduce losses, the 6 dB/octave curve must be
further modified. Figure 7-20 shows the result of these additions.
Each loss in turn has reduced the total output of the magnetic medium
both for amplitude and frequency response.

Long-wavelength, Low-frequency Losses

Most of the losses so far discussed have been short-wavelength, high-fre-
quency losses. There are some long-wavelength, low-frequency losses
that should be taken into account, however, when considering the overall
response curve of the system. These are:

1. Half-wavelength to head-contact-area ratio
2. Head bump

3. Tape-coating thickness

4. Faraday’s law, e = N d¢/dt

Half-wavelength to Head-contact-area Ratio Loss When the half-
wavelength of the recorded signal is longer than the length of the head-
to-tape contact area (ratio more than 1), the reluctance of the flux
return path increases. As can be scen in Fig. 7-21D, there is a large
air gap in the flux path between the head pole piece and the tape. Thus
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the magnetic flux does not follow a path that is entirely within the
head core, as it docs in Fig. 7-2la, with its shorter wavelengths and
half-wavelength to hecad-to-tape contact area ratio of less than 1. It
is possible, under very long wavelength conditions, that the flux lines
may pass through only part of the head windings. If this should be
the case, the output voltage of the head would be considerably less
than the predicted 6 dB/octave characteristic curve.

Head-bump Loss When the recorded wavelength on tape approaches
the overall dimension of the two head pole pieces, the pole pieces begin
to act as a second gap. The additional flux lines will add to the normal
output. Referring to Fig. 7-22 it can be seen that when a number of half-
wavelengths is equal to the combined distance across the head pole pieces,
there is an increase in the head output (bump). This increase in output
gets larger as the number of half-wavelengths required gets smaller,
until one half-wavelength equals the combined distance across the pole
pieces. At this point the increase in output will be approximately +3
dB. Any further increase in the size of the wavelength will cause a
rapid falloff in the head output. Referring to Fig. 7-22, it can be seen
that at the 1, 2, 3, ctc,, wavelength points, the head output dips, the
greatest dip being when one wavelength equals the combined distance
across the pole pieces. The only way to alleviate these problems is
by carcful head design. There will always be a small amount of bump
loss in any head.

Tape-coating-thickness Loss Both theoretical and experimental evi-
dence (see R. L. Wallace, Ref. 2 in the list of References at the end
of the chapter) would indicate that only the surface level of the magnetic
medium contributes measurably to the recording of short wavelengths.
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Wavelength of recorded signal

The long wavelengths use more and more of the sublayers. As the
tape-coating thickness is increased, the various layers of magnetic par-
ticles are less and less subjected to optimum bias currents, and the
recording sensitivity dccreases. Since the tape must be chosen to suit
a range of frequencies, the choice of coating thickncss must be a com-
promise. It must suit both long and short wavelengths, while providing
good signal-to-noise ratios, surface smoothness, wear qualitics, etc. Gen-
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erally, the coating thickness is chosen so that the long wavelengths will
be limited by the thickness, since in cffect the amplitude response of
long wavelengths is proportional to the coating thickness and the cffec-
tive penetration limit of the recording field.

Losses Due to Action of Faraday’s Law As has alrcady been stated,
the reproduce head will act as a miniature generator following Faraday’s
law, e = N dg/dt [Eq. (7-8)]. It is important to note that the voltage
generated is not proportional to the magnitude of the flux, but rather
to its rate of change. Thus, since the rate of change at long wavelengths
is very low, the output voltage of the reproduce head will be very low.
Under these conditions the output voltage will approach the inherent
noise level of the svstem and be lost.

THE NEED FOR EQUALIZATION

From the discussions of recording and reproducing losses, it is obvious
that if a band of frequencies were recorded at the same amplitude,
the output of the reproduce head would not follow the same pattern,
but instead, the output would follow a 6 dB/octave curve within limits.
Beyond these limits there would be a falloff due to the long- and short-
wavelength losses ( Fig. 7-23).

Depending upon the recording technique used, an output characteris-
tic curve with short- and long-wavelength (high- and low-frequency)
losses is not always acceptable.  Nor in fact can a 6 dB/octave curve
always be accepted, even though it might be linear. A direct record
and reproduce signal, shown in Fig. 7-23, was recorded at constant am-
plitude from one end of the bandwidth to the other. It must be fed
from the reproduce amplifier in the same fashion. Figure 7-23D defi-
nitely shows that this is not the case in its uncompensated state (raw
signal from the reproduce heads). For this recording technique (di-
rect) some form of compensation is needed, i.c., amplitude equalization.

On the other hand, if the type of recording technique required only
two-state operation, i.c., one and zcro, or high and low potential, etc.,
such as digital and PDM, anyv slight variation in the amplitude would
cause no serious problems.  Generally speaking, neither would the lack
of equalization pose problems with low-, intermediate-, and wideband
group I FM, since in these modes of recording, the center-carrier fre-
quencies and the related sidebands are located on the relatively linear
portion of the 6 dB/octave curve.  With wideband group 11 FM, how-
ever, the center carrier and its sidebands operate in the region of the
reproduce curve between 500 kHz and 1.2 MHz. As can be seen in
Fig. 7-23h, this is a relatively nonlinear section of the curve.  For this
reason it has been found necessary to include equalization of some sort.
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Fig. 7-23 The record and reproduce curves, indicating the need for
equalization.

Amplitude Equalization

Instrumentation The curves involved in equalization for instrumenta-
tion recording are shown in Fig. 7-24. It should be noted that the
resultant output, although low in value, is flat from one cnd of the
passband to the other. This is quite satisfactory for most normal instru-
mentation readout devices which are also quite lincar. In some rare
instances, the user of instrumentation equipment has some special require-
ments calling for special response curves that are not flat, but empha-
sized at the high or low end. In most of the instrumentation recorders
the equalization circuits arc placed in the early stages of the reproduce
electronics, the one exception being in the older intermediate-band direct
systems. In these 500-kHz systems there was considerable loss in the
record heads due to cddy currents, particularly above 125 kHz. A small
amount of record cqualization was included (a boosting of the record
currents above 125 kHz) to maintain a constant amount of flux on the
tape. As a result this type of technique was called constant-flux record-
ing. With the newer heads record-current boost is no longer needed.

Audio (CCIR, NAB, AME) Audio equalization poses different prob-
lems from instrumentation. The readout device (the human ear) is
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not linear. Thus, if the same level of low-frequency sound were fed
to the speakers as that for the mid-frequencies, the music would sound
flat, unbalanced, or lacking in bass, because the human ear follows the
curve shown in Fig. 7-25. The curves indicate that, in order to hear
the bass notes at the same level as the mid-frequencies, the bass notes
must be increased in level by some 30 dB. The higher frequencies
must be treated in the same way. For these reasons, the résponse curves
for audio recorders have very different shapes from those used for instru-
mentation. It is not recommended, therefore, that an audio recorder
be used for instrumentation purposes where a flat response is required
and where time-base errors must be kept down to nanoseconds. Nor
should an instrumentation recorder be used for audio purposes where
high-fidelity music or speech is required.

Consideration must be given to the placement of the equalization
circuits in the audio systems, since the location can make a substantial
difference with respect to the signal-to-noise and the distortion figures.
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For example, the bass notes must be boosted by some 30 dB to be
heard at the same level as a 3-kHz note. To put this amount of bass
energy into the record circuits, considering the amount of energy con-
tained in low frequencics, would overload the record driver circuits
and cause excessive distortion. On the other hand, if all the bass boost
were placed in the reproduce circuits, it could contribute to noise by
amplifying the hum picked up by the reproduce head. Consequently,
it is general practice, particularly when using NAB (National Asso-
ciation of Broadcasters) Standards, to boost the low end (low frequen-
cies) by a small amount in the record side (approximately 46 dB)
and compensate for the rest of the boost needed in the reproduce
electronics.

Audio treble boost is done primarily in the record section, to avoid
amplifying tape hiss and reproduce preamplifier noise. Since the short-
wavelength losses are so large, it is not possible to compensate for all
the loss in the record stage, or the record current would be high enough
to saturate the tape and cause marked distortion. Figure 7-26 shows
some of the common equalization curves in use with professional-type
recorders. Notice that the rccord CCIR curve, which is a European
equalization standard, reduces the bass boost. This is done to overcome
the large amounts of high energy that are produced in organ music,
so popular in Europe. The NAB and AME record curves show a boost
of about 44 dB at the low end. Notice that the center of the band
of the NAB and CCIR curves is relatively flat, although the CCIR curve
introduces considerable boost at the high end. The AME record curve
(Ampex mastering curve) is a professional equalization curve used for
making master tapes. A relatively large amount of boost is used in
those areas that are most responsive to the normal hearing range of the
human ear. This tvpe of equalization can be extremely dangerous in
the hands of the uninformed user. The center frequencies are boosted
close to saturation level with this system. Care must be observed in
its use, or the recordings will be severely distorted. The normal cequal-
ization curves used with the majority of home recorders is the NAB
system. With these standards (NAB), the record equalization, together
with the reproduce cqualization and the characteristic response curve
of the record head, will result in an output that will be within the
following tolerances:

Flat within =1 dB from 100 Hz to 7.5 kHz
Not more than 1 dB up or more than 4 dB down at 50 Hz and
15 kHz

It has often been said, in the audio recording trade, that the NAB stan-
dard has a “50-usec time constant (transient response).” This is simply
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Fig. 7-26 Audio equalization curves.

another way of stating that the 43-dB point is at 3,180 Hz. For more
information on the other equalization standards, the reader is referred
to J. G. McKnight, Ref. 12 in the list of References at the end of the
chapter.

Phase Equalization

There are many magnetic recording applications, in the instrumentation
field in particular, where the phase response of the recorded/ reproduced
signal is extremely important, especially since the introduction of longi-
tudinal wideband recording has permitted recording of direct signals
to 2 MHz and FM to 500 kHz. This broadening of the bandpass has
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made possible expanded FM/FM telemetry multiplex systems and the
recording of high-frequency square waves and repetitive pulse trains.
However, in multichannel FM/FM telemetry systems, if the phase re-
sponse across the telemetry channels is not reasonably linear, the data
will be distorted and unusable. The same is true with pulse-type re-
cording. A square wave, for example, consists of all the odd harmonics
of the fundamental frequency. If any of the harmonics are delayed
in phase, the reproduced pulse will not be square, but would be dis-
torted, as shown in Fig. 7-27.

Recorded signal Reproduce - head output

Fig. 7-27 Distortion of square wave due to nonlinear phase
response.

As has been mentioned several times carlier in this book, there is
a 90° phase shift between the recorded and reproduced data. This
is due to the current-voltage relationship between the two processes. To
this 90° shift must he added the phase shift produced by the other
components of the system, i.c., the phase shift introduced by the L
and C components of the amplitude cqualizers and the inductive reac-
tance of the heads.

Phase cqualization may be accomplished by using specially built delay
lines and/or constant-time-delay low-pass filters. In addition, selection
of the proper portion of the bandpass for operation will help to overcome
phase errors.
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CHAPTER EIGHT

The Transport

SELECTING A MAGNETIC RECORDING
SYSTEM—CONSIDERATIONS

The selection of the proper magnetic recording device is often difficult,
because many factors must be taken into consideration. These include:

1. Cost: Does it fit the budget?

2. Performance: Will it record and reproduce without error?

3. Bandwidth: Is the bandwidth wide enough?

4. Reliability:"Will it perform for reasonable periods without failure?

5. Compatibility: Is it compatible with existing systems? Will it re-
produce tapes, cassettes, and discs from older equipment?

6. Standardization: Is it standard with the industry? Are spares,
tapes, cassettes, and discs readily available? Does it have standard
speeds, tape widths, and disc, reel, and cassctte sizes?

7. Flexibility: Can it be expanded, modified, or updated?

8. Maintainability: What type of personnel is nceded for repair?

No single magnetic recorder will satisfy all users. Nor, in fact, will
a magnetic recorder from one category fit well into another; i.e., although
computer operation requires fast start-stop time, tape-speed stability
92
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is relatively unimportant. The instrumentation user is not particularly
concerned with fast start-stop, but is greatly interested in tape-speed
stability (low flutter and wow). Where audio requires relatively nar-
row bandwidths at slow speeds and nonlinear equalization (to make
the music sound better to the human ear), the video user is most con-
cerned with very wide bandwidths and time-base stabilities in the nano-
scconds. Where one user wants 1 or 2 tracks, another may require 14.

THE IDEAL TRANSPORT

Surprisingly enough, in spite of all the seemingly opposing standards
just mentioned, the basic design principles of most magnetic transports
are the same. The tape transport should all ideally meet the following
standards:

1. Tt should move tape across the recording and reproducing heads
at a perfectly constant rate and be completcly free of short- and long-
term speed errors.

2. It must move the tape accurately across the heads even with a
bad tape pack or bent reels.

3. It must be capable of recording information so that it may be
reproduced in exact time interval.

4. It must be capable of passing tape across the heads hundreds and
thousands of times with minimum wearing of heads, tape, or disc.

5. It should be able to accelerate the tape or disc from stop to full
“speed instantaneously and stop it instantly.

6. It should be capable of being controlled locally or remotely.

7. It should be capable of operating in a wide varicty of temperatures,
altitudes, shock conditions, etc,

Of course, there is no single transport that meets all these require-
ments. In fact, there is no transport that comes even close. For the
most part a trade-off must be made for every increased demand. Where
portability is required, maintainability becomes difficult due to the com-
pactness. Where multitrack recording is required, the cost increases.
Where time stability is required in the nanoseconds, complicated tape-
speed and head-drum (video) servo systems are required. When very
wide bandwidths are desired, high head-to-tape contact speeds are re-
quired. These quite naturally decrease the amount of recording time
available from a reel of tape.

It must be concluded from all this that there is no ideal transport
that can be used for all purposes. It would seem, therefore, that the
best way of making a choice of a magnetic recording system is to know
the principles behind transport design, and using this knowledge, to
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select a magnetic recording system that fulfills 