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EARLY HISTORY OF MAGNETISM

The property, called magnetism, which gives cer-
tain metallic substances the power to attract cer-
tain other substances to it, has been known for cen-
turies. The ancients discovered that a certain black
mineral possessed this property in a natural state.
The particular ore (or, subsequently any substance
that exhibited this property) came to be known as
a magnet. The terms magnet and magnetism were
probably derived from the place called Magnesia,
in Asia Minor, where the ore was first found in plen-
tiful quantities. A natural magnet is composed of
oxides of iron (FeO and Fe,Oy) and is chemically
known as magnetite.

Magnets were originally called “lodestones” or
“leading stones” because it was discovered that,
when they were suspended at the centers and free
to rotate in horizontal planes, they would align
themselves in a general north-south direction. The
end which always pointed north was called the
north-seeking or positive pole of the magnet; the
other end, the south-secking or negative pole. The
signs of polarity (-+) and (—) have no direct connec-

Ficure 1—(A) Lodestone or natural magn_et. (B) Artifical or bay magnet. The
poles arve shown by concentration of nails where lines of force are strongest.

tion with electric current flow, but are used simply

as a convenient, arbitrarily-accepted designation.
Prior to 1820, magnetism was not thought to have

any connection with electricity, but was merely de-

~scribed as a peculiar property of iron oxide, or mag-

netite, which enabled it (1) to align itself in a north-
south direction when free to rotate horizontally, (2)
to attract a certain few other substances, and (3)
to impart magnetic properties to these substances.

THE PHYSICAL PROPERTIES OF MAGNETISM

The property of a magnet to attract other mag-
netic substances can be demonstrated by dipping
both a natural and an artificial magnet into a bas-
ket of small iron nails as in figure 1. Note that nails
are attracted to both magnets in quantities deter-
mined by the strength of each individual magnet,
and their distribution about the surface of any par-
ticular magnet varies, some regions attracting a
high concentration of nails, other regions no nails
at all. The regions of concentration are known as
the poles of the magnet. The artificial bar magnet
more aptly demonstrates paired poles of equal
strength since the two poles of the bar magnet, see
Figure 1 B, show the same concentration of iron
nails, Often, in a natural magnet, there are more
than two of these regions, and this indicates the
presence of several paired poles. Note that the
natural magnet figure 1 A has more than two poles.

A REPULSION

In hgure 2 two magnets are used to show that the
poles of a magnet have opposite effects. When the
north pole of the pivoted magnet is brought near
the north pole of the fixed bar magnet, a repelling
force is evident that forces the north poles apart.
When the south pole is brought into the vicinity
of the north pole of the fixed magnet, an attraction
is noted that draws the two ends together. From
these findings is obtained the law: Like poles repel
and unlike poles attract. Note that this law applies
to both magnetic and electric fields.

The magnetic field. The region external to the
magnet, within which the effect of its magnetism is
perceptible, is known as its field. The field is
strongest near the poles, and becomes rapidly
weaker as the distance from them increases. Figure
3 offers a simple visual demonstration of the field
about a magnet. Iron filings have been sprinkled
on a sheet of glass or paper that is then laid on a
bar magnet. By gently tapping the paper, the fil-
ings, under the influence of the magnetic poles in-
duced in them, will arrange themselves end-to-end
in lines that have the same direction as the lines of
magnetic force and thus they indicate the direction
of the magnetic ficld of the magnet. The varying
intensity of the field is shown by the density of
grouping of the filings, especially at the region of
the poles.

B AtTRACTION

Ficure 2—(A4) Suspended magnet votates away from fixed magnet when unlike
magnetic poles are brought together. (B) Unlike poles exhibit attrvaciion,
and suspended magnet rotates toward south pole of fixed magnet.
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FiGURE 3—(d) Magnetic field about a bar magnet
indicated by iron filings sprinkled on plate of glass
placed on bar magnet. (B) Magnetic field. shown
by lines indicating divection and approximate con-
centration of lines of force originating at N-pole
and terminating at S-pole. Dashed lines within the
magnet from the S-pole to the N-pole represent
lines of magnetization.

When studying magnetic fields, this means of vis-
ualizing or mapping the field of force about a mag-
net is a great help in predicting the behavior of the
field. From the distribution of the iron filings in
figure 3 (A) it is evident that the force of the mag-
netic field extends about the magnet in apparent
lines indicated by the alignment of the iron filings,
and that magnetic force of the field is most intense
at the poles and diminishes as the distance from the
poles increased. These lines are called magnetic
lines of force, and are defined as purely imaginary
lines or curves representing the force, or stress, exist-
ing in the space through which the magnetic field is
effective. The direction of the lines of force at any
point is that of the field at that point, or the direc-
tion in which a single positive unit pole (north pole)
would be caused to move if placed at that point in
the field.

The apparent physical characteristics of magnetic
lines of force are in many ways similar to those of
electrostatic lines of force. They distribute them-
selves as if they repelled one another when they
are parallel and have the same direction, and attract
one another when they have parallel, but opposite

directions. They act as if they were under tension
at all times, but, unlike electrostatic lines, they exist
in closed loops, that is to say, they leave the magnet
at the north pole, pass outside and around the mag-
net, enter the magnet via the south pole, and go
through the magnet to the north pole in one con-
tinuous loop, without beginning or end. The mag-
netic lines of force acting in that part of the closed
loop within the magnet itself are called lines of
magnetization; those acting in that part of the
closed loop external to the magnet (in the magnetic
field) are called lines of force. The lines of force,
being imaginary, do not, of course, possess such
physical properties as elasticity, but act as if they
did.

Magnetic substances. Any substance that is at-
tracted by a magnet or that may be made to assume
the properties of a magnet is termed a magnetic
substance. When a substance is changed from its
normal state to one in which it has all the pl'OPCl'ties
of a magnet, it is said to he magnetized, the process
of change being that of magnetization or magnetic
induction. Only those substances that are capable
ol being magnetized appreciably are called mag-
netic substances; all others are referred to as mon-
magnetic. The ability to acquire magnetism is pos-
sessed to the greatest extent by pure iron, and rather
feebly by nickel and cobalt in their elementary
forms; however, iron oxides, and alloys of iron and
a few certain other elements display magnetic prop-
crties, the degree depending upon their chemical
COl]l[)OSlthl]S.

A summation of magnetic characteristics. The
principles of magnetism may be more casily grasped
by first reviewing the general characteristics of
magnets, magnetic fields, and magnetic substances,
before the effects are studied, so that the nomencla-
ture is thoroughly clear.

The poles of a magnet are the regions where
magnetism is most evident. Magnetic poles exist
in pairs, haying equal strength but opposite polarity
or effect. In natural magnets or lodestones and in
magnets of irregular shape more than one pair of
poles have been found. Artificial magnets are man-
ufactured from metallic magnetic materials, and are
produced in various strengths, sizes and shapes
usually as bars or horse-shoe-shaped pieces. Such
artificial magnets have only one pair of poles.

The space in the immediate vicinity of a magnet,
where the properties of magnetism are perceptible
is designated as the magnetic field. Imaginary lines
of magnetic force exist in continuous loops which
pass through the poles of the magnet. The lines
passing from the north to the south magnetic poles
through the magnetic field are called lines of force;

the lines passing from the south to the north mag-
netic pole of the magnet, within the magnet or
magnetic itself substance, are called lines of mag-
netization, or lines of magnetic induction. The
characteristics of lines of force and lines of induc-
tion are shown in figure 3 (B). Note that lines of
force leave the north pole of the magnet at right
angles to the pole face. Note also that lines of in-
duction within the magnet are parallel. The axis
of the magnetic field is the axis of the paired poles.

It follows that no substance can exist as a magnet
without, 1—paired poles of equal strength and oppo-
site polarity, and 2—an altendant magnetic field of
force. Conversely, a magnetic field cannot exist and
demonstrate the effects and properties of magnetism
without paired poles. A magnetic field or region
exhibiting magnetic properties may be referred as
a inagnetic dipole (at least for distances far from
the magnet), since the ficld has at least one set of
paired poles of equal strength but opposite effect.
The concept of magnetic dipole is essential in ex-
plaining many of the effects produced in magnetic
substances by magnetism and other aspects of mag-

netic theory.

THE ELEMENTAL THEORY OF MAGNETISM
Early in the last century, Wilhelm Weber, a Ger-
man physicist (1804-1890), who had been experi-
menting with natural magnets and magnetic sub-
stances, advanced the theory that all magnetic sub-
stances were made up of minute magnetic regions
or elementary dipoles, and that when the magnetic
field axes of these dipoles were oriented at random
—a condition that effectively cancelled the effects of
the individual fields—the substance was unmag-
netized. He further theorized that, under the in-
fluence of an external magnetic field produced by
a magnet, these magnetic dipoles timed so that
their axes aligned parallel to, and in the same di-
rection as, the lines of force in the applied field.
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The substance could then be said to be magnetized.
He concluded that the degree of magnetization de-
pended upon the completeness with which the total
magnetic fields or regions within the magnetic sub-
stance were turned parallel to the applied field.

This theory has been substantiated to a great
extent by modern spectral analysis of metals and
gases. It is believed that electrons, which rotate
in their assigned orbits within the atomic structure,
also spin or have rotary motions about their own
axes, and that because of these motions and the
clectrons mass, associated magnetic fields exist
which represent kinetic energy of motion. This is
shown in figure 4A. In most elements, opposing
rotational movements of electrons in the same orbit
causes the fields to nullify each other. In a few
metals, such as iron, nickel and cobalt, however,
the crystalline structures are such that there are
more electrons spinning in one direction than the
other; throughout certain minute regions, each con-
taining some 10'* atoms, these uncompensated spins
have the same direction. This results in an intense
magnetic field within these regions. These mag-
netic regions have been given a special name: mag-
netic domains.

Normally the forces exerted by these dipoles are
direected in haphazard directions and within limits
more or less fixed by the internal friction ol the
atomic or molecular structure of the substance.
Figure 4B shows the random directions of the mag-
netic field axes within a magnetic substance which
exhibits little or no external magnetic effects be-
causc of the cancellation of most of the internal
magnetic dipoles.  The arrow heads represent the
north poles of the dipoles and thus indicate the di-
rections in which these magnetic forces are exerted.

As would be expected, energy is required to
change the position of the axes ol the magnetic
dipoles within a substance. The effectiveness of
the applied energy is contingent, in part at least,

B

Figure d—(A ) Hypothetical magnetic axes due to electron spin. The outer orbit is shown with more
electrons spinning in one direction than the other. (B) Random divection of magnelic regions i an

un-magnetized bar of magnetic material diwe to uncompensated spins.
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FiGure 5—(d)Adlignment of magnetic domains under the influence of a magnetic
1. A o - . - - . . *
field. (B) Magnetic state induced by stroking with a bar magnel.

upon the essential atomic or molecular nature of
the substance. When a magnetic substance is
placed in a magnetic field, the kinetic energy of that
ficld compels the axes of the magnetic regions or
dipoles in the substance to align themselves parallel
to and in the same direction as the lines of induc-
tion. In accomplishing this work, it follows that
for the same substance, the greater the applied mag-
netism is, the greater the degree of magnetization
will be. That certain metals have stronger mag-
netic properties than others is due to the peculiar
motion of the electrons within their respective
atoms or molecules, and the ease with which the
axes of the magnetic dipoles are moved when any
given amount of energy is applied. It is believed
that certain internal forces that vary from one kind
of atom to another or from one type of molecule
to another, cause “friction” which restricts changes
in magnetic dipole positions, This “[riction” is
present only slightly in magnetic materials that do
not retain much magnetism, but occurs to a greater
extent in materials utilized as permanent magnets.

Muagnetic induction. The magnetic state is in-
duced in a magnetic substance when the majority of
axes ol the dipoles within the substance are caused
to assume the same direction.  In this state the di-
poles no longer cancel out one another but com-
bine to exert a powerful external magnetic force
in one direction. Work must be done in over-
coming the internal forces which maintain the nor-
mal random state of the magnetic fields within a
The energy to accomplish this work
can be supplied in several ways. It may be entirely

substance.

[urnished by an inducing field. The presence ol a
magnetic field is always necessary to determine the
ultimate dirvection of the induced magnetic field.
Heat and physical shock, as sources of additional
energy, may be employed to assist the induction
process, but il the heat or shock is too great it

causes excessive atomic agitation which prevents
alignment of the magnetic axes.

As an illustration of the above theory, when an
unmagnetized bar of iron or steel is brought into
the immediate vicinity of a magnet or stroked with
a magnet as shown in figure 5, a certain magnetic
state is induced in the bar. The bar will then have
all the properties of a magnet, but to a lesser degree.

A similar bar of unmagnetized iron or steel can
also be magnetized simply by aligning it in a north
and south direction and striking it lightly with a
hammer.  This bar also will possess magnetic prop-
erties, sct up by the weak energy of the earth’s
magnetic field, suddenly bolstered by energy sup-
plied by a physical force.

Magnets produced by induction methods de-
scribed above are called artificial magnets. For in-
dustrial purposes, electrical means are used to pro-
duce magnets of much greater strength.

The above studies of induction lead us to believe
that natural magnets came into being as a result
ol the action of the earth’s magnetic field on the
molecular structure of iron oxide substances over
centuries of time.

In figure 6, note that the presence in a magnetic
v . H (=]
ficld ol another magnetic substance, such as

a piece

Ficure 6—Magnetic field distortion caused by the

introduction of «a pi('r e of magnetic substance.
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FIGURE T—(A) Magnetic field produced by two un-

like N-poles. A similar pattern vesults when two

S-poles ave used. (B) Simplified field pattern when
unlike poles are used.
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ol iron, causes distortion of the field. The lines of
force concentrate themselves with the magnetic sub-
stance. The reason for this concentration of the
lines of lorce is that the density of the lines—the de-
gree ol concentration—is a measure of the magnetic
ficld strength; the field is much stronger within the
iron than in the air, because of reasons that have
already been discussed. This principle explains the
use of pole pieces in meters and motors, when it is
desirable to prevent dispersion of lines of force
which always occurs when lines of induction leave
a magnet and enter the air.

Field distortion caused by bringing like or unlike
magnetic poles together is shown in figures 7A and
7B. In figure 7A where like poles oppose one
another, it is important to note that no lines of
force cross, and that all loops remain intact. The
distortion ol the magnetic fields shown is caused
by the tendency of lines of force travelling in the
same direction to repel each other. Like effects
are obtained with opposing south poles.

On the other hand when unlike poles are brought
together as shown in figure 7B, and the fields are
mapped by the use of iron filings, the field pattern
is different. Take special note of the lines of force
near the adjacent poles. This is the only part of
the field where distortion is evident. The tendency
of lines of force having approximately the same di-
rection to “repel” one another is indicated by the
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A LINES OF FORGCE

slight bulging out of the lines of force in this area.

When the magnets in figure 7B are drawn apart,
distortion in the area between the adjacent poles
become greater. As the distance between the poles
increases, the lines of force spread apart more and
more, and are soon attracted to the lines of force
travelling in the opposite direction in the outer
loop which, in turn, begins to show distortion, as
shown in figurc 8A. Eventually these lines of force
on opposite sides of the loop tend to draw to-
gether until they finally merge to form a figure-
eight shape, then separate to form two smaller but
independent loops as indicated in figure 8B.

The same field effects and distortions are notice-
able when a single bar magnet is broken in two
and drawn part. After separation the magnetic
field of each magnet will consist of closed loops of
shorter overall length than those of the original
bar, but the original number of lines of force re-
mains unchanged, so it follows that each magnet
possesses the same number of lines of force or mag-
netism as the original bar. From these findings it
is to be concluded that the strength of a magnet is
dependent, not upon its length, but upon its cross
sectional arca.

EEEEY W et

Ficure 8—(A) Simple illustration of “attraction”
between lines of force divected oppositely. As the
magnet is drawn apart, the lines of force pinch in

even more until finally the one closed loop is

pinched off into two separaie loops, as n (B).
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Magnetic field intensity. It is well to remember
that the direction of the lines of force at any given
point in a magnetic field is the direction a unit
north pole would move if placed at that point in
the field. The idea of a unit north pole must be
taken figuratively, since it is physically impossible
for a north pole to exist without its companion
south pole of equal strength and opposite polarity;
if a magnet is cut in two, there will exist two sep-
arate magnets, each complete with opposite poles
of equal strength.

The field about a magnet has been mapped with
the aid of iron filings. In figure 3, field intensity
was indicated by the concentration of the iron
filings in the proximity of the poles of the magnet
and the direction of the field indicated by the ar-
rangement of the iron filings. Each individual bit
of iron was acted upon by the lines of force in the
magnetic field, becoming a minute magnet by in-
duction. Its position in the field conformed to the
direction of the lines of force at that point.

Direction and intensity of rhagnetic fields can be
studied still better with the aid of a small compass,
or pivoted magnetized needle, placed in the same
horizontal plane as the magnet. The bechavior of
this instrument will illustrate that a magnetic field
is a vector quantity—a force acting in a certain di-
rection—as shown by successive positions of the com-
pass in figure 9. At any of these positions, note
that there are four forces acting simultaneously;
one of attraction and one of repulsion at each of
the two ends of the compass needle. The resultant
of these forces, each of which acts in a different di-
rection, tends to turn the compass needle about its
pivot axis until the opposing forces are equal. The
compass needle is then tangent to the line of force.
The north end of the compass indicates the direc-
tion of the lines of force at that point in the mag-
netic field. By placing the compass at different po-
sitions, the intensity and dircction of the magnetic
field can be mapped with considerable accuracy.
It should be remembered, that the earth’s magnetic
field is always present, so that the field indicated by
the compass is the resultant of the combined ficlds
of the carth and the local magnet. The cffect of the
carth’s magnetic ficld, however, will bhe negligible
if the magnet is strong enough. In any case, the
data can be corrected for the earth’s field.

On carelul examination of figure 9 B, it will be
seen that the resultant force acting on the south
pole of the necdle is greater than that acting at the
other end. This is because it is nearer the north
pole of the magnet, and the attraction vector, which
comprises most ol the resultant, is slightly larger

than the repulsion vector at the other and more
distant end of the needle. The result is an un-
balanced force tending to move the needle toward
the nearest pole of the magnet. Moreover, the two
resultants do not lie quite in the same straight line,
so that there is a small unbalanced force acting at
right angles to the needle and ténding to draw it
sidewise. If the needle is free, as when it is mounted
on a floating cork, for example, it moves both longi-
tudinally and transversely toward the attracting
magnet. Similar motion also takes place when an
unmagnetized piece of iron is near a magnet, or, in
general, whenever there is a non-uniform magnetic
field. Then a motion occurs in the direction of
increasing field intensity, or toward the more pow-
erful field in the vicinity of a pole.

If the length of the compass needle is made very
small, the difference between the two resultant

Nga Ny
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FIGURE 9—(A4) Compass needles indicate field divec-
tion and vectors show relative instantaneous effecls
of the N-pole and S-pole. The force of the bar
magnet north pole attracting the north pole of the
compass is N,. The repulsion force between the
south pole of the bar magnet and the compass north
pole is N,. The resultant force on the compass
north pole is N,; a similar nomenclature applies to
the compass south pole. (B) In the vicinity of the
north pole of the bar magnets, the vectors are such
that the compass tends to move toward the magnet,
and lo rotate as well.

forces becomes negligible, they are oppositely di-
rected, and the needle does not move toward the
magnet. This would be the case when any needle
is acted on by the earth’s field, for it is very small in
comparison with the distances to the magnetic poles
of the earth. Thus, if a floating magnet were acted
on by the earth’s field only, we should have rotation,
but no translation, which is precisely the action of
a compass. The same is true in any uniform field,
as will be explained more fully when this action is
used in conjunction with meters.

Magnetic flux. Magnetic lines taken as a whole
are called magnetic flux. The magnitude of the
flux may be expressed as so many lines, and is the
actual amount of magnetism present. The density
of the magnetic field lines—the so-called flux density
—is a measure of the magnitude of the magnetic
field strength, called the magnetic field intensity. It
is expressed as a number of lines per unit cross-sec-
tion area.

The magnetic state of a substance is determined
by the alignment of the axes of internal molecular
or magnetic-domain magnets. The degree of mag-
netization becomes greater as more and more axes
are brought into alignment with the inducing field.
This is, of course, dependent upon the molecular
structure of the magnetic material and the ease
with which they can turn. Lines of force or flux
will induce a state of magnetism in a substance;

therefore, it can be assumed that flux is actually

produced by a magnetizing or magnetomotive force
which can be compared to the electromotive force,
or difference of potential, in electrostatics.

The ease with which the magnetic axes within a
substance can be aligned in parallel under the in-
fluence of an inducing field will determine its degree
of magnetization and, therefore, the flux lines it can
accommodate per unit of cross sectional area.
When alignment of all axes is complete, a condition
known as saturation exists, beyond which the mag-
netization cannot be increased.

From figure 6, it has been noted that magnetic
substances are capable of accommodating more flux
lines per cross sectional area than would pass
through a similar area of air. The ratio between
these flux densities is called the magnetic perme-
ability of the substance.

Magnetic materials. Magnetic materials are di-
vided into two general classes called paramagnetic
and diamagnetic. Those called paramagnetic, 1—
are more permeable than air (that is to say, they
have greater flux density than air and tend to con-
centrate such lines of force as may pass through
them) and 2—attempt to assume a physical position

that will enable the substance to accommodate the
greatest possible number of lines along their axis.
Those classed as diamagnetic, 1—are less permeable
than air, and 2—tend to disperse lines of force by
assuming a position at right angles to the direction
of the field. ' :

The magnetic permeability of any given magnetic
material, except for a few in the paramagnetic
group, is a constant which is independent of the
strength of the magnetizing field. This means that
all materials, whether elements or substances, ex-
cept those few abnormal ones in the paramagnetic
group, have intense internal molecular friction
which is why only a relatively few molecular mag-
nets are capable of being aligned with an inducing
field. .

Materials of the paramagnetic group which be-
have abnormally under the influence of a magnetic
field, have permeabilities which depend not only
upon the element or alloy, but also to a great extent
upon the strength of the field. The permeability of
these substances, therefore, are not constants. Since
iron in its purest form is the most abnormal of the
group, all materials having this property, including
nickel, cobalt and their alloys, are said to be ferro-
magnetic. Several non-ferrous elements and alloys
display similar properties: for example, Heusler’s
Alloy, which is composed of magnesium, antimony,
copper and aluminum in various proportions. Un-
der certain temperature conditions, oxygen and
gadolinium also develop a strong intensity of mag-
netization. Ferromagnetic materials are further
subdivided into two groups: l—magnetically hard
materials which require a large magnetizing force,
and 2—magnetically soft materials, which have high
magnetic permeability under relatively weak fields
of induction.

Permanent magnets are made from the so-called
hard group of alloys which, although very difficult
to magnetize, retain their magnetism for a suffic-
iently long period to warrant classification as perma-
nent magnets. Magnetic hardness, or permanence
of magnetism, can be attributed to the rigidity with
which the magnetic domains are constrained by the
inherently-greater intermolecular [riction of such
material; although it is harder to align them, once
they are in a magnetically-aligned position it is ex-
tremely difficult to disturb this alignment. An
ideal alloy will retain a higher percentage of the
magnetism induced by a magnetizing force and pre-
serve this induction against de-magnetizing influ-
ences ordinarily encountered, these two necessary
properties being called residual induction and the
de-magnetizing or coercive force, respectively.

The magnetic field left in a permanent magnet
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after the initial magnetizing force is removed is
called the residual induction; the strength of the
magnetic field which. must be set up to cancel the
residual induction in a permanent magnetic is
called the de-magnetizing or coercive force.
Materials for permanent magnets are chosen for
retentivity based on the amount of coercive force,
or magnetizing force in the opposite direction, re-
quired for de-magntization. These include hard-
ened carbon or alloy steels containing a small per-
centage of maganese, chromium, cobalt, tungsten
or combinations. Recent trends are toward the use
of an alloy of carbon-free steel containing alum-
inum, nickel and cobalt. This combination, known
as Alnico, is much stronger for any given unit of
cross section than other materials and will retain
its magnetism with such tenacity that it will lift as
much as 1500 times its own weight. Due to this
strength, Alnico can be utilized effectively in small
dimensions and has become prominent in the manu-
facture of dynamic loud speakers, microphones,
telephone receivers, phono-pickups, high voltage
ignition magnetos, motors, and other devices.
Permanent magnets are adversely affected by vi-
bration, shock, or extreme changes in tempcrature
and should therefore be treated with care. Electri-
cal indicating instruments containing permanent
magnets may lose some of their sensitivity or be per-
manently damaged by extreme changes in temper-
ature or the shock occasioned by dropping. Alter-
nating-current fields can also have a detrimental
effect on magnetism. For example, watches that
have become defective by being accidentally mag-

netized are usually de-magnetized by the jeweler
who simply places them in the field of a coil ener-
gized by commercial 60-cycle alternating current.

Soft magnetic materials have a high degree of
magnetic permeability, and can, therefore be mag-
netized even to saturation by comparatively small
magnetic fields; upon removal from such fields,
however, they rapidly lose virtually all of their in-
duced magnetism. These materials can be used to
shorten flux paths and thus minimize losses in mag-
netic circuits, such as exist in meters and motors,
by furnishing a path of greater permeability. In
each instance, the permeable material increases the
total flux by decreasing the flux path in air. Soft
magnetic materials are also used as shielding to pro-
vide a flux path around instruments or transform-
ers and thus protect them from the undesired
magnetic effects of adjacent magnetic fields.

Since soft magnetic materials retain little residual
magnetism they are useful in the alternating cur-
rent field. Silicon steel, for example, is made into
thin laminations for power transformers chokes,
relay solenoids, etc., and is widely used because of
its low cost and generally satisfactory characteristics.

THE EARTH’S MAGNETIC FIELD

The fact that a compass needle, or any other
magnet which is suspended and free to pivot, will
align itself (generally speaking) in a north-south
direction indicates that the earth is surrounded by
a magnetic field. The distribution of this field is
indicated roughly in figure 10. Note that the mag-
netic core within the earth may be irregularly
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FiGure 10— The carth’s
magnetic field. The in-
clination of the eartl’s
magnetic axis is approxi-
maltely 17° from the geo-
graphic axis.

shaped, that its length is slightly less than the di-
ameter of the earth itself, and that its axis is dis-
placed approximately 17 degrees from the earth’s

“axis.

The regions where the lines of force are vertical
are termed the magnetic poles. Note that the mag-
netic lines of force emanate from a region near the
south geographic pole and enter the earth ncar the
north geographic pole, and that the direction of the
carth’s ficld outside the body of the earth is from
south to north. The magnetic pole in the northern
hemisphere is actually the south magnetic pole,
while the magnetic pole in the southern hemisphere
is the north magnetic pole. The reason for this
apparent confusion is understandable. The ancient
mariner who held a compass or magnet in his hand
saw one end of it turn towards the north and called
that end the north-seeking pole. He identified the
north magnetic pole with the north geographic pole.
He had no way of knowing that the north magnetic
pole -of a compass or a magnet moves in the direc-
tion of the field, and that since the earth’s ficld has
a south-to-north direction, the north pole of a com-
paés or magnet points to the earth’s south magnetic
pole which is near the north geographic pole. For
practical purposcs, of course, one never considers
the carth as a magnet, but follows tradition and
calls the magnetic pole in the northern hemisphere
the “north magnetic pole.” If this is remembered,
no confusion should exist when reference is made to
the magnetic and geographic poles.

The north magnetic pole is located neiwr Ross
Sca, Antarctica, in the region ol the south geo-
graphic pole and the south magnetic polc is located
on Boothia Penninsula in northern Canada, almost
directly north of Omaha. Recent magnetic sur-
veys have demonstrated that the carth’s magnetic
lines of force are vertical not in one particular spot,
but occur that way in scveral regions within an area
of several hundreds ol miles.

An irregular linc varying in latitude from 15
degrees S. in South America to 20° in Africa repre-
sents the carth’s magnetic equator.  Sce figure 10.
On this imaginary band encircling the carth at
points cquidistant {rom the magnetic poles, the
carth’s magnetic lines of force are horizontal. At
any other place on the carth’s surface, the magnetic
ficld will have a vertical as well as a horizontal
component.  This can be measured by means of an
instrument called a dip civele, which is simply a
ncedle ol magnetic material that is balanced per-
lectly on a horizontal axis belore it is magnetized.

Being in neutral equilibrium with gravity, it will
only move when activated by the earth’s magnetic
field. When a dip circle aligns itself with the
earth’s magnetic field in a north-south direction, its
position indicates the vertical angle of the lines of
force composing the field. This angle varies from
zero degrees or horizontal at the magnetic equator
to 90° or vertical at the magnetic poles. For ex-
ample, at New York a dip needle would point
downward at an angle of 72° with the horizontal:
this angle is called the inclination, or angle of dip.

A compass used for navigation or for geographic
indication utilizes only the horizontal component of
the carth’s magnetic field. Since the carth’s field
has a vertical component as well as a horizontal
component at all places other than the magnetic
equator, the magnetized indicator of a compass is
balanced to off-set the weak torque duc to the
vertical component. A sketch of a simple compass
is shown in figure 11. The indicating part is an
accurately-balanced magnetized needle pivoted on
a hard metal point with a jewelled bearing to reduce
[riction to a minimum. Under the influence of the
lines of force in the earth’s magnetic ficld, the
ncedle will align itself north and south, the end
pointing toward the south magnetic pole is usually
painted black and called the north-sceking or north

Ficore H=Simple pocket compass with pivot lock.

pole.  From previous explanations, we know that
the south magnetic pole is in the geographic north
polar region. With this type of compass, to cstab-
lish other compass points, it is necessary to rotate
the entire instrument until north on the compass
card is directly underncath the north end of the
indicating needle.  Unfortunately, too, it must be
placed in a stable horizontal position to prevent
crroncous readings caused by the necedle rubbing
on the compass card. Most compasses of this type
have a lock which lifts the needle free of its bearing
and locks it in stationary position when not in use
and prevents damage to the bearing in case of
shock.
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The main element in the modern shipboard com-
pass is a properly marked compass card beneath
which are mounted several sealed cylindrical tubes
filled with magnetized steel wires. These tubes are
parallel to the north and south indications on the
compass card. The card with these attachments is
buoyed and placed on a pivot in a non-magnetic
container which is completely filled with a mixture
of water and alcohol and then sealed. The card is
then free to rotate under the influence of the
earth’s magnetic field. The container itself is sup-
ported on rings and gimbals to permit its maintain-
ing a horizontal position regardless of the ship’s
pitch and roll.

Since the earth’s magnetic pole is approximately
1400 miles from the north geographic pole (see
figure 10) the compass will not point true north.
The angle that it makes with the geographic merid-
ian is called the variation of the compass. For in-
stance, a compass at New York City would point
I114° west of geographic or true north and at San
Francisco, 18° east. Navigation charts indicate the
amount and direction of the variation.

FicUre 12—Isogonic lines of magnetic variation for
the United States.

Figure 12 shows a chart of the United States on
which lines have been drawn through all points of
equal magnetic variation. Such lines are called
isogonic lines. A line connecting points where the
variation is zero is called an agonic line. At any
point on the earth’s surface through which an
agonic line passes, a compass needle will point true
north.

The variation at any given place on the earth’s
surface does not always remain the same year alter
year. Changes occur to some extent over long
periods of time. These are called secular or world-
wide changes. There are also changes within the
year called diurnal changes, and changes within the
lunar month as well as small daily changes. Large
erratic changes occur during magnetic storms and

these are sometimes concurrent-with the appear-
ance of sunspot activity. Much effort has been ex-
pended in attempting to explain terrestrial mag-
netism and to account for its changes, but too little
is known about the magnetic sources within the
earth to establish a reliable theory as to the exact
nature of the earth’s magnetism.

The total compass error aboard ship is the alge-
braic sum of the variation and the deviation. Varia-
tion is the error inherent in a particular position
on the earth’s surface. Deviation is the error in-
troduced as a result of induced and permanent mag-
netism in the iron of a ship, and is in turn some-
what dependent upon the orientation of the ship
with the earth’s magnetic lines of force. Much of
shipboard deviation can be compensated for by
placing large iron spheres and permanent magnets
in the immediate vicinity of the compass mounting
structure in such a manner that they will exert com-
pensating polarity eflects opposite to those of the
ship’s magnetic field. This cancellation will leave
only a small amount of residual deviation to be
figured in calculating the total compass error.

This matter of variation and deviation has been
of vital importance to mariners for years on all
vessels carrying magnetic compasses, from the lowly
freighting schooner lumbering down the coast to
the sleek luxury liner smartly hurrying across the
Atlantic. Many ships, men and cargoes have been
lost because variation and deviation were not taken
into account. It is always well to remember that
many arts of paramount practical worth depend on
the abstractions of physics.

QUESTIONS—PART |I—BASIC PHYSICS

1. Given the knowledge of true north, describe
how you would determine and properly label
two unmarked magnets.

ANSWERS TO PART 10
1. 12-ohm branch, .0833 mhos, 9.163 amps.
17-ohm branch, .0588 mhos, 6.468 amps.
53-ohm branch, .0188 mhos, 2.068 amps.
2. Applied voltage of 112 volts.
Total current of 12.84 amps.
3. 82 ohms = .0121 mhos.
16 ohms = .0625 mhos.
25 ohms = .0400 mhos.
Same at 98 volts.
Increase, decrease, increase.
17.4 ohms.
Conductance method,
20.9 ohms.
2295 watts.
Approximately 50%. No.
18.9 ohms.
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C-W SIGNALS
M In view of the widespread incrcase in radio-
teletype use in the Navy—including every shore cir-
cuit carrying heavy traffic, and with one or more
cquipments on essentially all large combat ships—
it is frequently desirable to review the fcatures of
automatic forms of communication.

The basic characteristics ol a manually-operated
radiotelegraph circuit are widely understood. One
man sends dots and dashes, while the other tries to
interpret them. The dots are short periods of
transmission, spaced by a silent period their own
length, while dashes are three times the basic dot-
length. When properly spaced, a silent period of
three dot-lengths is used to separate characters, and
of five dot-lengths to separate words. The letters
“a” and “b” are shown in Figure 1(a).

This simple picture turns into a complex picture
exhibiting interference to adjacent channels if the
dots start and stop instantaneously; for that reason,
some kind of signal-shaping network or “key-click
filter” is likely to be inserted to slow down the
starting and stopping of the radiation—to prevent
sharp corners on the oscilloscope picture—in order
to reduce the tendency to generate frequencies
much higher than the basic keying frequency. Such
higher frequencies create interference to adacent
radio channels. The rounded-off signals will be
something like those pictured in Figure 1(b).

This operation has introduced distortion into the
waveform of the keying signals, inasmuch as the
received signal will not exactly duplicate the orig-
inal keying, but the manual operator may not no-
tice the change until the “gradualness” of the “on”
and “off” is stretched out appreciably. However,
some things can immediately be appreciated about
this distortion:

AMPLITUDE
A ON ™
OFF _I -] -' TIME
AMPLITUDE
B ON
S AL AAAN

By CommMmanpEr E. H. Conkuin, U.S.N. - _

I1—-As the signal lades up and down, different
lengths of dots, compared with the space length,
will result. This change in the ratio of “on” to
“off” in a series of dots is called bias distortion in
radio teletype terminology, and brings about a re-
duction of the amount of other distortions that can
be accepted before printing errors occur.

2—If the gradualness of the change from “on” to
“off” is so much that one “on” starts to run into the
next one, or if there are other places in the equip-
ment which appear to react slowly, there may be
characteristic distortion, which depends on the
length of the “on” and “off” signals. This would be
a peculiarity of the system—a characteristic of it—
and would cause some letters to tend to print in-
correctly, but would not make all “off” elements
sound like “on” elements, nor the reverse. An ex-
ample of this is the keying of the Navy’s v-1-f trans-
mitters at speeds around 60 words per minute; the
antenna builds up to perhaps 1/3 power on dots
and full power on dashes; but, although it turns
off completely after a dot, it still puts out power
for an appreciable time after a dash.

3—1If noise clicks and other-causes of errors happen
occasionally, these create what is known as fortu-
itous distortion. A better name might have been
“unfortunate distortion.”

The bias distortion described above is almost
bound to happen, even in a perfectly-adjusted sys-
tem, if on-off transmitter keying is used during
fading conditions. Furthermore, the most fre-
quently-encountered type of fading on high fre-
quencics can be attributed to wave interference be-
tween a signal that, being reflected from the Ken-
nely-Heaviside or ionospheric layer back to the earth
and up again, took the lesser number of “hops” be-
tween the transmitting and receiving points, and
the signal that took the next greater number of
hops. Inasmuch as the distances traveled to the
ionosphere and back down to earth are different for
the two signals, there may be a change in travel
time amounting to as much as 4 milliseconds. This
is nearly 209 of the dot length at 60 words per min-
ute, so it is appreciable. When these things happen,
the change in apparent starting time for any dot
creates a difficult problem for any communication
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system which requires synchronized distributors
running at each end of the circuits, and even for a
“start-stop” system in which the receiving equip-
ment comes to a complete halt at the end of each
character and starts on time again with the begin-
ning of the next character. The word “character”
here not only refers to letters, numbers, and punc-
tuation, but also to shift, space, and other combina-
tions in the teletype code.

The effects of the changing bias distortion with
fading, however, can be reduced. In the ordinary
on-off keying system, it may be considered that
reception is being effected through some applica-
tion of an electrical relay—like a telegraph sounder
—which has an armature that is pulled down by
the signal passing through a coil, and which is
restored by the action of a spring in the absence of
a signal. This is pictured in figure 2 (A). It will be
seen immediately that the restoring of the armature
could have been accomplished, if necessary, by
passing a current through a second magnet which

can replace the spring. This is pictured in figure
2(B).

Now, should the transmitted signal, which con-
sists of “on” signals and “off” periods, be accom-
panied on a separate frequency by the transmission
of signals sent out during each interval of the
first “off” period which is called a “space” signal—
it would be possible to provide a second receiving
system to operate the restoring magnet. The “on”
or “mark” signal in figure 1, then, would still look
about the same, as reproduced in the upper half of
figure 3, but the “off” or “space” signal would
be transmitted as reverse keying, as shown in the
lower half of the figure.

AMPLITUDE
A ONﬂ MARK
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It will take only a moment to see that the timing
involved will produce a “space” signal equal to the
“on” or “mark” signal in approximately one-half
the time because the two receiver outputs will be-
come equal at about the midpoint of the time
occupied by the gradual change. Furthermore, if
both signals fade up and down in volume, this
point of change-over will tend to remain approxi-
mately constant, with the result that the variations
in the bias distortion will tend to be eliminated.

This type of keying—the transmission of an “on”
or “mark” signal on one frequency, and of an “off”
or “space” signal on another—is termed frequency-
shift keying. Its use has become very general in re-
cent years, because it has removed one of the largest
causes of distortion in signals during their trans-
mission and reception, which has previously caused
much trouble in producing satisfactory copy of sig-
nals with ordinary land-line teletype printers.
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FREQUENCY-SHIFT KEYERS

Although a simple manner of producing what
used to be called “back-wave keying” could be
devised, such as by keying a capacitor or shorted
turn in an oscillator circuit in the transmitter,
there are advantages in doing it a different way.
A few equipments have been used in which the
keying operated a reactance-tube that changed the
oscillator frequency. This method will be used in
the new keyers for TCK transmitters. More com-
monly, however, the oscillator frequency is shifted
approximately 200 kilocycles by the superheterodyne
method used in receivers, simply by injecting a 200-
kilocycle frequency into a mixer tube that is also
fed with the oscillator frequency. Filters can then
take out the lower or upper sideband, and the re-
sulting output frequency (off-set 200 kilocycles from
that of the oscillator) can be fed into the transmit-
ter. This is pictured in figure 4. With this ar-
rangement, the 200-kc oscillator can be shifted in
frequency the desired amount (usually 850 cycles)
in a manner that remains the same regardless of the

oscillator frequency. Inasmuch as the shift is mul-
tiplied by frequency multipliers in the transmitter,
it also is desirable to insert a switch that accurately
divides the 850-cycle shift by the multiplication
factor in the transmitter. This is done in the stand-
ard Navy Model FSA Frequency-Shift Keyer. With
the key up, the transmitter produces full power
output, but on a frequency that differs by 850
cycles from that when the key is down.

With the development of new Navy transmitters
containing more stable oscillators, such as the X-
TE]J, some circuits will also be designed to accom-
plish this internal shift whenever desired, and in the
standard amount.

FREQUENCY-SHIFT CONVERTERS

In order to take advantage of the transmission of
the “off” or “space” signals (which was not done in
the early days when a similar signal was trans-
mitted for other reasons) some way must be devised
to produce a change in receiver output that is
exactly opposite in the two receiving channels.
Originally, this was accomplishfed by using two
separate receivers on the two signals; now, how-
ever, the amount of shift or spread is reduced to a
point where a considerable part of one receiver is
used for both “mark” and ‘“space” signals. The
early converters, such as the AN/FGC-1 and Navy
model FRC, took the audio beat-note output of the
receiver, and, by use of two sets of selective audio
filters, obtained a polar or push-pull reversing d-c
output by bucking the rectified output from one
filter against that of the other. This detection can
also be done effectively with a discriminator circuit
like those used in frequency-modulation reception,
the main difference being in the linear change of
output with frequency desired in f.m., and in the
square-topped curve available from the filters. This
polar current reverses itself between “mark” and
“space” and can operate a polar relay such as type
255-A. The make-and-break contacts of this relay
can then key the usual 60-milliampere teletype
printer line-current, by the on-off or “neutral”
method. The block diagram of this audio type of
converter is given in figure 5.
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Fortunately the severity of fading of radio sig-
nals can be reduced by reception by two indepen-
dent means, and combination of the results. Re-
ception on two different frequencies accomplishes
this, but it increases the chances of interference, and
uses more frequencies than should be allowed for
one radio circuit. Inasmuch as the fading in spaced
antennas occurs at different times, “space-diversity”
reception is considered best where there is room
for the antennas.

Diversity arrangements can be applied to the
above converter by using duplicate systems up to
the point of rectification, where the best signal
may be selected electronically. Inasmuch as selec-
tive fading on high frequencies may reduce the
volume of a “mark” signal in one receiver—the
“space” remaining loud, and reducing the “space”
signal in the second receiver while the “mark”
remains loud—it is best to arrange the diversity
connection so that the best “mark” between the

two receivers operates against the best “space” sig-.

nal. This is done in the model FRC converter, a
form which may become obsolete mainly because of
its size and weight. Its performance however,
should not be underestimated.,

A second type of audio converter could be de-
signed (it has been used in the model CXK], an
early model of the AN/SGC-1 modulated-tone ter-
minal unit) in which the receiver audio output
passes through only one filter, wide enough to pass
both the “mark” and “space” tones. The signals
are separated in an audio-frequency discriminator,
whose midpoint (which does not respond) is tuned
to the center of the filter band-pass. A tone higher
than that of the midpoint causes direct current to
flow in one direction, whereas a lower tone causes
it to flow in the reverse direction.

More recently, converters that operate at the
intermediate frequency of a receiver—or at other
radio frequencies—have come into vogue; these do
not have to put up with interference which may re-
sult from the audio image created by the beat-note
methods of reception. One form—and what may
be the best converter yet designed—is the Navy
model FRF (similar to the model FRH except for
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Ficure 6

the i.[. of the receiver with which it is used). This
contains sharp i-f transformers—or filters if you pre-
fer that term—to produce a bandwidth of either 300
or 600 cycles, approximately. These selective
stages are followed by the discriminator circuit,
The usual electronic complications, however, make
the full explanation much less simple: TFirst, the
signal from one receiver is converted by superheter-
odyne methods to 50 kc.; that from any second re-
ceiver, as would be required in diversity reception,
Is converted to a lower frequency. Having two dif-
ferent frequencies going into the effective portions
of the converter, it is possible to run them through
the same limiter tubes and two discriminators in
series, without any trouble. After the discrimina-
tors, there is an automutiofrcqucncy-c(mtrol cir-
cuit which works back on the oscillators in the
frequency-changing portion, to give a small degree
ol clectronic tuning if the signal does not drift
more than about hall a kilocycle. A block diagram
ol this arrangement appears in figure 6.

A common shipboard converter is the maodel
IFRA. This contains an i-[ amplifier, followed by
a locking oscillator which operates into the dis-
criminator. At this point, however, the system be-
comes quite novel. The discriminator has no dead
center, but, because of a condenser across the di-
odes, has instead a “sliding” center.  As a result, it
cannot set itsell up on a constant “on” or “mark”
signal as is transmitted during idle periods of tele-
Lype  operation. I'his discriminator  connects
through a condenser to an audio amplifier, thus
“differentiating” the signal and producing an out-
put only during the very short period when the
signal changes Irom a “mark” to a “space” (or the
reverse); it does not use the part of the signal that
remains “on” or “ofl”. 'The audio amplifier deliv-
ers pulses to a counter circuit whose output is
alternately turned “on” or “ofl”. An additional
circuit is added which makes the converter assume

that any constant signal must be “on” or “‘mark”,
and that any later pulse must be a change to “off”;
il that pulse is not followed, within the length of
time of one character at a speed of 60 words a
minute, by a change back to “mark,” the circuit
automatically changes over to “mark” on the as-
sumption that the pulse was interference rather
than a desired signal.

MODULATED TONE METHODS

It is also possible to transmit intelligence by leav-
ing the carrier on, and keying a tone. This m-c-w
mecthod has been used lor the past several years
on radioteletype, by modulation of a voice trans-
mitter with a type TH-1/TCC-1 terminal unit.
Thus unit provides “on-off”” keying of a tone. In
the CXK], a later model that is to be replaced with
the AN /SGC-1, two tones are used in a manner sim-
ilar to an audio-frequency converter operating on
[requency-shilt-keying.  One tone provides the
“mark” signal, and the other provides the “space.”
The production equipment for shipboard and for
harbor circuits will use tones not over 700 cycles, so
that the two sidebands of the modulated signal will
stay within a 1500-cycle total band, to make its use
possible on narrow high-frequency c-w channels, as
well as on u-h-hf,

As was recently deseribed in the ELECTRON,
a much more complicated modulated-tone system
has been in use between major shore stations. In
it, numerous tones provide six teletype channels, by
what may be termed “frequency-division multiplex”
mcthods. Two tones are sufficient to operate one
teletype circuit but the equipment was not designed
lor space-diversity reception, so fading is reduced
in it by operating a second pair of tones on the same
teletype channel, thus obtaining a form of “fre-
quency-diversity” action. Because the resulting 24
tones take up quite a slice of the frequency spec-
trum, one sideband is eliminated from the trans-
mitter by using “single-sideband” methods. The
suppressed sideband frequently is used for voice

communication, although it could carry six more
teletype channels.
FACSIMILE

There are a number ol automatic methods which
have been proposed and tested, using [orms of fac-
simile or picture transmission. Some ol these ope-
rate [rom a teletype tape at the transmitting end,
which simplifies use with existing teletype relays:
the rcprmlm'c(l copy at .the receiving end, at the
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present stage of development, is not as casily reiaved
as is teletype tape.  Consideration has been given
to lacsimile methods for obtaining very small re-
corders in small cralt but, with the development
ol teletype converters and printers weighing in the
vicinity ol 30 pounds, lacsimile methods are re-
ceiving a great deal ol competition from improved
teletype methods, even where weight is a primary

[actor.
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