















































































































































Table 2'

The Calculation of Unknown Units from Known Units

to calibrate i Current Voltage Induction *  Field strength Inductance
from —— 1 E B H L
wil 4 |10 _E v o B G H A
I cm 4 qw- cm? sec—1 4 cm
Field strength T wawe T ¥ e
4wl 4 10°-E v ! g _
10 1 cm wwqw cm? sec~! j R
. 4wl A 108-FE \ 4x A
duct P ATLAL i == _— JucL A a
Induction 0 T cm wqw cm? sec—?! B 10 P H cm G
_ ! . . __ R e
. 100 El V-cm 0 B G B gauss 100 I-L cm-H
bilit —_— =.2Z2 » B LML —_
Permeability 4z wiq-w-l cm?sec—1A 4t H Acm-! H oersted 4 wilgq cm?
E \4 E \ Coe G cm?
Inductance I'® A-sec—! I A-sec—1 4 1070wn == cm H
-l A
v m o E v
Current 1 E —V_ 10 B G-cm = — A
oL sec-1H 4w 4 HI oL sec-'H |
- = Oe-cm |
10 w \
A 2
. 4n-10-*Huwq-w Y cmisec—!
Voltage woL-1 sec-1-H-A E 10-%B-wgw |G cm?sec—1! I-oL Asec-'H |V
) 10-%-Hy-w-g'w | Oecm?sec—! ‘5

w=number of turns’
I=length of conductor
g =cross-sectional area
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Since pu alters with the field H, the magnetic
resistance . will also depend on H. It is
therefore important to know the relationship of
the permeability p to the field H and in some
cases also the frequency. For a ring of a high
permeability material of (say) 120 cm mean
diameter, a permeability of 12000, a cross
section of 1 cm®, R,,=120/12000 x 1 =0-01. If
now an air-gap is inserted anywhere in the ring
and parallel with its cross-section, then the
reluctance of the core itself remains unchanged.
The total reluctance of the completed magnetic
circuit is the sum of the reluctances of core
and air-gap. The reluctance of the air-gap
if this is assumed to be (say) 0'1 mm is
Ry =0°1/1x1=0-1.

2.6. Ohm’s Law for Magnetic Circuits

Ohm’s law can be made to apply to magnetic
circuits if the voltage E is replaced by a unit
E,; the resistance R by the magnetic reluctance
R, and the electric current I by the magnetic
flux ¢. The unit for the magnetic potential is
the magnetomotive force (M.M.F.) and is
defined as the power which is able to induce a
flux line in a magnetic circuit having unit
reluctance. The unit of this “magnetic voltage”
is the gilbert (1 oersted x 1 cm) or in the
practical system 1 ampere-turn. Ohm’s law

for magnetic circuits can therefore be defined

as
= Em/Rm

It is more usual to calculate in ampere-turns

and the formula is then

_4x. 1.t
~ I0R.

where ¢ =number of turns. It follows that one
gilbert is 4x/10 ampere-turns and the values for
the conversion can be obtained from Table 1.
Table 2 shows all formula for the conversion
of electrical units to magnetic units and vice
versa. If voltage and current measurements
are taken on a toroidal type of coil, Table 2
will enable the magnetic values of that coil to
be obtained.

(M)

2.7. De-magnetization

All the hysteresis loops so far considered
consisted of a coil wound on to a closed core.
The permeability in such a magnetic circuit is
equal along the full length of the core. If now
an air-gap is contained in the core, the flux in
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the gap will be smaller than that in the ferro-
magnetic material. According to Ohm’s law
for magnetic circuits the magnetic potential
must remain constant and the flux must
therefore be small for the larger reluctance. It
follows, since the magnetic potential E,=q.
R,. remains constant, ¢ must become smaller
for the greater reluctance, and, since B=¢/q,
the induction will also become smaller for a
given field H. The result, as can be seen from
Fig. 2, is a flattened or stretched out hysteresis
loop and is called shearing or de-magnetization.
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Fig. 2. De-magnetization or shearing linel.

" The line O-P is called the de-magnetization
line or shearing line and its slope or angle with
the B axis can be determined as follows: Due
to the air-gap, if the effective gap width is
considered to be equal to the length of the gap,
the same number of flux lines must pass
through the gap as are passing through the core
of the coil: @uir=¢cr. If the cross-section of
the core is denoted by g. and that of the gap
by g. and if we express the flux by the induction
in the circuit we obtain the equation

B..q.=H,.q.,
Provided the cross-sections are equal, the
induction in the gap is equal to the induction in
the core itself. Since the sum of the magnetic
potentials over the closed magnetic circuit must
always be 0, we obtain;

H, . 1)+(H,.l)=0
l. denoting the mean length of the core and I,

denoting the length of the gap. If equation (1)
is divided by equation (2), we obtain

H_4 L
B q '

or if the cross-sections in core and gap are
equal:

=tan o=

a""l"‘

B,
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When there is no air-gap (I,=0), « will be zero.
An increase in the length of the air gap will
cause the slope of the shearing line to increase
and with it the de-magnetizing functien of the
gap. The induction in the gap can be
calculated from equation (1) and is:

H,=B,. %
q

Since the flux lines will not leave the core at
right angles to its cross-section only, a constant
o is introduced to denote the apparent widening
of the gap. The effective gap width is always
larger than its actual width. The slope of the
shearing line now becomes

gl
o.q." |,
and the induction in the air-gap is now equal to

H,=B,. 3
0 .(qa
It is possible to construct the hysteresis loop
for a core with an air-gap from that of the
closed core by taking the distance of a number
of points along the shearing line from the B
axis and subtracting it from the normal
hysteresis loop. This procedure is indicated in
Fig. 2. The slope of the shearing line is often
called the de-magnetization factor of the
material. De-magnetization not only occurs
in magnetic constructions consisting of a core
with an air gap, but also in bar magnets and
in the recording medium itself. For very long
bar magnets, the effect of the de-magnetization
is very small, but it will increase as the magnets
are shortened and for very small bar magnets,
the de-magnetization can become equal to
c=35.

tan a=

2.8. Ferro-Magnetic Materials®

For the recording or reproduction by
magnetic means, two different types of ferro-
magnetic materials are of great importance.
For the erase head, recording head and the
reproduction head, a * “magnetically soft”
material is required. This is a material having
a high permeability and a very low coercivity.
The permeability must be high in order to
produce a flux density of sufficient magnitude
in the air gap, whereas the coercivity should
be kept small to reduce the energy required for
a particle of the material to be moved from a
positive to a negative induction when the field
changes from a positive to a negative value.
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“insulated from each other.

This has already been discussed under
hysteresis losses. Magnetically soft materials
range from soft iron with a coercivity of
approximately 1 oersted and maximum per-
meability of 5000 to materials with a coercivity
of 0-009 oersted and a maximum permeability
of 300,000. It is quite usual to use mu-metal
for the core of recording heads with a coercivity
of approximately 0-03 oersted and a per-
meability of about 70,000. To obtain such
magnetic properties, materials used for the
construction of heads are normally subjected to
special treatment. The high value of- the
permeability is obtained by submitting the
material to an annealing process in a hydrogen
atmosphere. The material is heated to
approximately 1000° C and the whole process
lasts from 3-16 hours. The cores of magnetic”
heads nearly always consist of laminations
which, to avoid eddy-current losses, are
This is in most
cases done by oxidizing the surfaces of the
laminations. Some materials also require the
subjection to a magnetic field whilst being
annealed in order to achieve a maximum value
of permeability.

The erase and bias frequencies in magnetic
recording normally range from 30-100 kc/s.
Such relatively high frequencies cause heavy
current losses in the laminations of the cores
of the heads, reducing their effective permea-
bility. The losses for a given frequency depend
on the thickness of the laminations and on the
specific electric resistance of the material used.
The frequency at which the permeability of the
material becomes negligible is called limit
frequency and its value may be determined by :

4o
he= v
where f; denotes the limit frequency, p, the
specific resistance of the material (2/cm), n the
permeability, p, the permeability of a
vacuum=4x x 10~-° and g, the thickness of the
laminations in cm. The relationship is shown
in Fig 3. It should be noted that the effective
permeability is reduced if the frequency is in-
creased, since this plays a decisive part in the
recording and reproduction of high frequencies.

Magnetically hard materials are used as
recording media, since they are required to
retain their magnetism when relatively high
counter-magnetizing forces are present or when
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the individual magnets are so short that the
flux lines must close through substantial air
paths. They possess a high coercivity which
reduces de-magnetizing influences such as, for
instance, are caused by mechanical stresses,
changes of temperature, stray a.c. fields and
air-gaps. The values for their coercivity lie
between 50 oersteds for carbon steel and
approximately 2500 oersteds for platinum-
cobalt alloys. The optimum values for
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Fig. 3. Limit frequencies for different thicknesses of
laminations.

magnetic tapes or carriers appear to lie
between 200 and 600 oersteds. The value of
remanence for the more suitable type of
material, approximately 12,000 gauss.

3. Principal Functions of Magnetic Heads and

Tapes

In tape recording, the relative positions of
the magnetic medium and the magnetic tapes
continuously alter. It is unimportant,
basically, whether the medium is moved past
the heads or whether the heads are moved past
the medium. For reasons of mechanical
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simplicity however, it is wusual to move
the recording medium (the tape) past the
magnetic heads. This must take place at a very
constant speed which is usually a fraction or
a multiple of 15 inches per second. If the
signal amplitude alters as a function of time,
the intensity of the recorded signal will alter
as a function of tape length. For a constant
frequency at a constant tape speed V the
recorded wavelengths will be:

V  [cm.sec
7L-—V.t——7 (—sec—'>

The recording magnetic head will always
basically consist of a ring type core, having
an air-gap in its face and perhaps a second
air-gap at the back. It carries a winding
through which the audio-frequency current is
fed. Recording heads have also been con-
structed on entirely different principles and they
will be referred to later. The two pole-pieces
forming the air-gap are very often cone-shaped
in order to concentrate the flux lines at this
point and to force them outwards through the
recording medium. The magnetic flux lines

m———

S, ——

Fig. 4. Relationship of external and internal flux
density. :

emanate from the ends of the pole-pieces and
close through the magnetic medium, hence
magnetizing the iron oxide particles of that
particular portion of the medium. When this
part of the tape has left -the influence of the
gap, the magnetic induction of the tape will
decrease along the hysteresis loop until it
reaches the remanant induction which depends
on the magnetic properties of the medium. The
flux lines which leave the bar magnets of the
medium and which are forming their magnetic
circuits, constitute the surface induction of the
medium. They can be made visible if some
emulsion carrying small iron particles is
brought in contact with a recorded tape. Fig. 4
shows the relationship between external and

Journal Brit.1.R.E.
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internal flux density spread over a short portion
of the medium.

In Fig. 4, ¢; depicts the flux in the medium
whereas ¢ depicts the external flux. At the
points where the external flux is at a maximum,
the flux density also has its maximum. These
points will show an accumulation of iron
particles if the aforementioned test is applied.
The internal flux disappears since all lines have
left the medium and have completed the
magnetic circuit. The internal flux is at a
maximum at all the points where no lines leave
the small bar magnets and these are also the
points where the external flux disappears. The
ficld distribution is also very similar to that of
a bar magnet, the length of which is equal to
one half of the recorded wavelength. The bar
magnets are always joined with their equal
poles and their cross-section is equal to the
cross-section or thickness of the medium.

When playing back, the medium is moved
past the playback head which could be the
same as the recording head and in which case
we are dealing with a combined recording/
playback head. The outer surface induction
now forces the field into the gap of the playback
head and through the core of the head which
can be looked upon as a short circuit for the
field since it will only have a relatively low
magnetic resistance. The field now produces
a flux in the playback head which induces a
voltage in the windings of the core. The
voltage which is generated can be expressed
by:?

_ w.d. Pn
o de
in which ¢, denotes the flux in the core and E
the induced voltage. w denotes the number
of turns in the core and d their diameter.

To erase a recording it is only necessary to
remove the remanence left on the tape either by
de-magnetization or by saturation. This can
be achieved by several means; either the
recorded tape on its spool is brought into a
very strong a.c. field which will magnetize the
medium up to its points of saturation and on
removal from the field the induction of the tape
will pass through magnetization curves (small
hysteresis loops) which become smaller and
smaller as the distance from the a.c. field
increases. The other method is to bring the

E x10-8
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pole of a magnet in close contact with the tape
and to move the tape past it. The medium
will again be magnetized into one of its points
of saturation but after removal from the
influence of the d.c. magnetic field, a
remanent magnetization will remain on the
tape. In practice a special head is normally
used, the erase head, which is fed with a
relatively heavy erase current and which
saturates the medium as this is running past it.

All three types of magnetic heads will now
be dealt with in detail.

4. Erasing

Erasing is possible by means of a d.c. or of
an a.c. field. If d.c. is employed, each particle
of the medium is saturated to one point of
saturation from any point of its previous
inductance and after leaving the field of
influence a remanent inductance will remain
on the tape which is equal for all parts of the
tape. When a.c. is being used, each particle
of the medium will be magnetized to the two
points of saturation and as the field decreases
hysteresis loops will be described which will
become smaller and smaller until no remanent
induction remains.

n

Fig. 5. Erase field and hysteresis loops.

This is only possible however if sufficient
reversals take place whilst the particle is in
the field of influence. The distribution of the
field in the gap is advantageous for this since
it is similar to the shape of a bell? If the
slopes of the two sides are kept relatively flat,
which is identical with a wide gap, then the
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particle will pass through a field which is
gradually increasing, reaching a maximum
and then slowly decreasing again (see Fig. 5).

Basically, the frequency of the a.c. field
would be of little importance provided the
particle on the medium can be passed through
sufficient reversals whilst passing through the
influence of the gap. If the gap is of sufficient
width, 50 c/s currents could be used but at
the tape speeds with which we are dealing this
would lead to such great dimensions of the
erase head that this is impracticable. It is
therefore the usual trend to use a relatively
high erase frequency which is normally
between 30 and 60 kc/s. The choice of the
erasing frequency is a matter which requires
some definite consideration. For economy
reasons it is often desired to use the same

oscillator for the provision of the record- rpansverse

ing bias and the erase current. The PERPENDICULAR

. . . COMPONENT
application of such comparatively large I/
alternating magnetic fields to the medium

becomes more difficult when the effects of
the hysteresis and eddy current losses are
taken into account. These losses increase
rapidly as the erase frequency is increased
and the efficiency of an a.c. erase head
is relatively low when compared with
that of a d.c. erasing head. For a
given mechanical gap width of 0-5 mm,
the ampere-turns per cm should be
approximately 2-7. This would correspond to
an erase current of 120 mA through 150 turns.!
It is usual to fit a small piece of beryllium
copper into the gap as a protection against the
accumulation of iron oxide in the gap which
would result in the short circuiting of the core
and also to create eddy currents. The eddy
currents also produce a field which opposes
the - field through the core. The field lines
through the core therefore choose the path of
least resistance and pass through air. They
are also leaving the core or pole pieces sooner
than would be otherwise the case. Eddy
currents also produce heat in the gap which
may have a bad effect on the medium,
especially if its base is of plastic. This
creation of heat mainly determines the upper
limit of the erase frequency but normally the
greater part of the heat is conducted away
through the fixing arrangements of the head.

If the movement of the tape is stopped whilst
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erase current is applied to the erase head, the
heat can burn either the base of the medium or
the medium itself. It is quite usual to find
that the heat in the gap is up to 170° F when
using 160 mA erase current and an erase
frequency of 60 kc/s.

5. Recording

When recording, the variations along the
recording medium take the form of variations
in its remanent magnetization. It is the object
of magnetic recording to produce a remanent
magnetization in the medium at any point
which is directly proportional to the
instantaneous value of the signal strength
corresponding to that point. Fig. 6 shows

P ERASE RECORDING
ERPENDICULAR RASE CoRD
LONGITUDINAL
7
DIRECTION ™ TRAILING EDGES TO BE
OF MEDIUM PARALLEL FOR MAXIMUM ERASURE
(a) (b)

Fig. 6. (a) Illustrating the three directions for
magnetic recording.
(b) Illustrating the position of the heads for
maximum erase,

the three different ways in which magnetic
recording is possible if the medium is moved
in one given direction. The system now in
common use is the longitudinal way. Per-
pendicular and transverse recording is also
possible but if wire is used as the recording
means, transverse and perpendicular record-
ings are of course identical. The field lines,
leaving the core, magnetize the medium in the
direction of movement. It must be noted that
the flux density in the tape is greater near the
surface which makes contact with the gap than
at any part further away from the gap but still
in the medium. In the longitudinal recording,
a certain component of perpendicular
recording is also present and this is indicated
in Fig. 6 (a). The smaller the gap the greater
the component of perpendicular recording and
this is often to blame if a recording cannot be
fully erased. The effect is caused by the field
distributions in the gap of the erase head and
in the gap of the recording/playback head
being different. The perpendicular part of a

Journal Brit.I.R.E.
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recording cannot be erased by the erase head
even if the erase current is very much
increased. If it is considered that normal
recording amplifiers show a top lift of 6db
per octave, it will be appreciated that it is quite
simple to over-modulate a recording, causing
increased components of perpendicular record-
ing which cannot be fully erased. Due to the
lower slope angle of the field in the gap of the
erase head, the erase current cannot fully erase
a perpendicular component. Maximum erase
conditions only exist where the trailing edge of
the crase field is parallel with the trailing edge
of the recording field (see Fig. 6 (b)).

The recording process will now be considered
under the following conditions: Each particle
of the medium shall pass the gap at uniform
speed, the flux densities considered will follow
a sine law, the velocity of the medium and the
frequency to be recorded shall be great and the
gap width shall be small relative to each other.
This will result in the particle being subjected
to a small change of field whilst it moves
through its influence, and the magnetization of
each particle will then be approximately equal
to the maximum field in the centre of the gap.
After the particle has left the influence of the
gap, the remanent induction will be reduced
to a value B, and this is now the function of
the field strength H in the core which again is
proportional to the magnetizing current. The
resulting. curve is the dynamic magnetic
characteristic which will be different from the

i
i
|
|
1
-

Fig. 7. Normal magnetization curve.

static characteristic. It shows the relationship
between field strength and the induction present
at any given moment. This characteristic is no
absolute physical characteristic since it is also
dependent on the thickness of the medium and
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on the frequency to be recorded. The dynamic
characteristic is therefore mainly dependent on
whether the particle reaching the effect of the

—Or—

(XY)
NorMAL |
MAGNETIZATION
CURVE

_«— MEAN HF CURRENT

4
Fig. 8. Recording with h.f. bias.

gap has had some previous magnetic history
or not. Somewhat better conditions exist if
the medium was erased by means of an
alternating current and now reaches the
recording head in neutral condition. Magnet-
ization then takes place along the normal
magnetization curve (see Fig. 7) but the great
irregularities - of this curve lead to strong
non-linear distortion, mainly of the third
harmonic order.

For a number of years d.c. biasing was
employed which shifts the operating point along
the normal magnetization curve into one of the
more linear portions. The quality of such
recording however cannot be termed as good,
since it then becomes essential to reduce the
signal amplitude to a very small figure if one
wishes to operate on a relatively linear portion
of the transfer characteristicc. When applying
an h.i. recording bias, it is important to ensure
that its amplitude increases and then decreases
as the particle of the medium is moved through
its field of influence. To avoid or decrease tape
noise, a sufficient number of reversals must
be possible which, at a given tape speed,
determines the frequency of the recording bias.
A .c. biasing moves the dynamic magnetization
curve to the right or left on to the straight
portion of the hysteresis loop and can be
considered analogous to a minor hysteresis loop
as shown in Fig. 1. Fig. 8 also shows that the
h.f. amplitude must be given a certain figure in
order to operate at the optimum operating
point. If the h.f. amplitude is too small, very
great non-linear distortion will occur. The
same happens if the h.f. oscillator exceeds its
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optimum value. This will also lead to
distortion. Fig. 10 shows the relationship
between distortion factor and audio amplitude?
and this differs for different types of media and
with their speeds. After the signal has been
recorded, de-magnetization takes place which is
especially noticeable at the higher frequencies.
This is due to the de-magnetizing effect of the
bar magnets by virtue of the fact that their poles
of equal polarity are almost touching. (Fig. 9.)

-

L%»L%»«s*t«% |
| L —

N

Fig. 9. De-magnetization due to_poles of equal
polarity almost touching,

Since the signal amplitude can be considered
as varying along the length of the tape or
medium, the number of flux lines within the
medium must also change. All flux lines form
closed circuits and one refers to the internal
flux which exists within the medium and the
external flux which leaves the medium and
completes its path outside the surface of the
medium. If the recorded frequency was a sine
wave, then the flux density in the medium
must be:

Q= Qpax - SN 27ft
where ¢ depicts the number of flux lines on the
surface of the tape and where ...« depicts the
maximum value of ¢ during one period. If
the flux density on-a point x along the medium
is ¢,, then the surface density must be propor-
tional to the changes in the flux density at this
point, which must be equal to do,/dx. If the
signal frequency is substituted by the recorded
wave length, the product of velocity x time
by the distance x on the medium, we obtain:

. vt . X
@ = Qax - SIN 2. )""' = @mnax - SIN 2. i

The surface density at any point x on the
medium is the number of flux lines per unit
length at this point and is therefore proportional
to the first derivative of the flux with respect
to x:

do,

B= dx

—-2-33 cosan
r Y )

or expressed by the frequency
B= %‘;— @ cos 2 ft

This means that the number of flux lines per
unit length of the medium is proportional to
the recorded frequency. Since the geometrical
pattern of the flux distribution will be equal
for both the low and the high frequencies, it
can be seen that it is important for the medium
to make close contact with the head. Where
this is not the case, the signal amplitude of the
top frequencies will be lost, but considerably
less effect will be noticed at the lower
frequencies.

6. Reproduction

If we consider a medium (tape) on which is
recorded a sine wave, then the internal flux
density must also be distributed in a sine
fashion along the tape. The distribution of the
external flux follows a cosine law, since the
points of maximum density of the internal flux
coincide with the minimum points of the
external flux, i.e. they show a phase shift of
90 deg. If a single conductor is placed at right
angles to the direction of movement and
touching the tape, then it will be cut by lines
of the external flux only and a voltage will be
‘induced in it. Due to the external flux, an
induction exists on the surface of the medium,
and this will be approximately equal to:

= %—5 = 2v—nf . Q5 (max) - COS 2xft (gauss)
where f depicts the recorded signal

frequency, v the velocity of the medium and
¢r (max) the maximum value of the external
induction. The induced voltage can now be
calculated as:

E=B.v.l.10-® volts

=2nf. 1. Qg (max) - €Os (2ft) x 10~ volts

where [ is the length of the conductor which
is cut by the flux. In the case of tape recording,
this is equal to the width of the track. If the
tape is reproduced at a different speed than that
at which it was recorded, then the ratio
between the recorded and the reproduced
fréquency will be equal to V;/V, It is also
evident that the induced voltage will be
proportional to the width of the track if a
playback head is used in place of a single
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conductor, the formula still holding good with
the exception that w is now the number of turns
of the coil in the head and the voltage will be
w times greater. In addition we have a
constant factor k which is dependent on the
geometric proportions or dimensions and the
magnetic properties of the core. We now
obtain

E=w.k.l.2af.cos2af.tx10® volts
or if we consider that 2=/ /2 equals 4-44:
E=444 . w k.l.fx10"%volts effective.

In this equation w depicts the number of turns
of the playback head, ! the track width in mm,
f the signal frequency in c/s, k the maximum
value of the external induction referred to a
track width of 1 mm and inducing a voltage E
in the head. To determine the constant k the
above mentioned equation can be used and the
induced voltage can be measured using a
frequency of approximately 100 c/s. A low
frequency must be used in order to keep the
damping effect and the gap effect at a minimum.

6.1. De-magnetization

Measurements of the voltage induced in a
playback head have shown that this voltage
rises in a linear fashion only up to approxi-
mately 200 c¢/s at 7-5 in./sec. It then
approaches a maximum and cuts off quickly
after a certain higher frequency. This reduction
in output level is the self-demagnetization which
is due to the wavelengths on the medium
becoming shorter and it is equal to:

D=exp (-f/f)

where f, is the frequency at which the
cxternal induction of the medium is reduced
to 1/e=37%. Our formula for the repro-
duction of the signal can now be extended to:
E=444wklfexp(-f/f)x10-2volts effective.
This takes. into account losses due to self-
demagnetization.

field distribution is:

P£=Pxr(max) » sin 2x . V/)\
Applying the limits x; and x; we obtain?:

1 J’xz
=~
g E2)

_ ) Xy A Xy
= = Qg(max) '2ﬂ—gCOSTc Y + @ x(max) ‘ng cos 2n >

. X
P g(max) » sin2n T .dx

Putting the limits x,=x - }s and x,=x+1s, then
we will obtain

| B s\ . X
(pmean=q’Emax-;.‘s".Sln TC.—)" sin 27‘!.'{

If now =as/h is replaced by « and x/ by
v.t/r=f.t, then the equation will read:
QPmean = Pmax » ?” . sin Z“ft

which is a function well known in sound
film technique. It becomes clear, that for a
ratio g/A=1, 2, 3, . . . minimum points will
occur. The output from the head will then
again increase, decrease and will once more
reach a minimum point. It would therefore
be possible to record wavelengths which are
smaller than the effective gap length. Since
each successive minimum becomes smaller and
smaller, advantage is hardly ever taken of such
.an effect. Including the function for the gap
effect the final formula for magnetic recording
now becomes:

sin o

o

E=444wklifexp(f/f)
where o is «. g/M.

x 10-8 volts .

6.3. Reprodiiction of Low Frequencies

The playback e.m.f. rises with frequency by
6 db per octave. In practice, however, lower
frequencies do not conform to this rule. The
effect is entirely due to the physical dimensions
of the playback head. The external flux
emanating from the tape will at high

h frequencies, i.e. short wavelengths, be entirely
L i 6.2. Gap Function shunted by the pole-pieces of the head. At a
;F : Since the gap in the playback head has a certain low frequency, the value of which
it definite width (g), the magnetic modulation on ~depends entirely on the parts of the pole-pieces
o the tape is not picked up from point to point w!nch are in contact with the tape thg output
d but with the full width of the gap. This means Will decrease since not all the flux lines are
0 : that at any given point x the mean value of the Shunted by the pole-pieces which have a
o { induction ¢, must be considered and its value Permeability different from air.

a is arrived at by taking the mean value of Since this loss of bass frequencies depends
o i induction between the limits x; and x,, The on the wavelength as well as on the dimensions
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of the pole-pieces, it becomes less important at
slower tape speeds and larger contact surface
of the pole-pieces.

7. Tape Characteristics

The manufacture of tapes has now reached
a standard which is much above that of the
early recording media. Specifications of tapes
for industrial and broadcast purposes have

by volume.
oxide the better is the electrical performance
normally. The abrasive properties of the iron
oxide, however, cause wear of the heads by the
tape and it is the responsibility of the tape
manufacturer to arrive at a convenient com-
promise. The permeability of homogeneous
media is usually about 1-5 to 2-5, that of
non-homogeneous media about 2-0 to 5-0.
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become very much more stringent. Whereas
recording media were designed in the early
days to provide as much output as possible,
tape manufacturers have now begun to produce
tapes of quite different specifications so as
to make them suitable for many different
purposes.

Two types of basically different recording
media can be produced, homogeneous and
non-homogeneous media. Homogeneous media
may consist of steel or vicalloy and were in
use during the early days of magnetic recording.
Steel wire is still in use at the present time
since it exhibits some properties which are
advantageous or indeed essential for a limited
number of applications. Most homogeneous
tapes consist of approximately 30 per cent. iron
oxide by weight or 10 per cent. by volume and
can be produced to have an extremely smooth
surface—an important point where heads and
tape guides are to last as long as possible.
Non-homogeneous tapes consist of a separate
carrier or base on which a coating of iron oxide
is formed. The coating consists of an average of
70 per cent. iron oxide by weight or 40 per cent.
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For all types of recording tapes it is of course
of great importance to ensure that the size of
the granules is as small as possible.

Figure 10 was prepared to show the
characteristics of some well-known tapes. The
relationships are given for audio-output and
distortion factor at a constant input and when
varying the h.f. bias current.

8. Special Types of Recording Heads

With the progressing technique of magnetic
recording the shortcomings of the equipment
in present use become more and more
apparent. One of the weakest links is the
recording or playback head used. A great deal
of time has already been spent on research to
produce heads of an entirely different design
end with properties which would either make
such a head more reliable or tend to simplify
the whole process of magnetic recording. One
American company has recently produced a
playback head® from which the output is no
longer proportional to the playback speed of
the medium. The head consists of a very small
cathode-ray tube in a more or less conventional
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type of core with an air-gap. Two wing-shaped
electrodes in the tube are so arranged that the
deflection of an electron beam, which is
produced in the usual manner, alters the

Fig. 11. “Electron beam” playback head.

potential between them. (See Fig. 11.) The
magnetic flux lines emanating from the tape
deflect the beam in relation to their density and
the potential across the two electrodes alters in
sympathy. The limit of the frequency which
can be reproduced is only dependent on the
width of the gap, since even no tape movement
at all would produce a deflection of the electron
beam.

In earlier sections it was explained how the
frequency response alters during playback.
The output increases with frequency at a rate

10°
3 e
y
2 “‘ MATERIAL X
|°4 g

,T. LA AN
v MATERIAL Y
24

0 ° 102 > 103 > 104
H (OERSTEDS) —>

Fig. 12. Arbitrary relationship between permeability
p and field H.

of 6db per octave until de-magnetization and
gap effect cause a reduction of the output. This
means that both bass and top frequencies have
to be lifted in the playback amplifier if one
aims at a level response. H. Leitener® of
Germany recommends a playback head which
overcomes this often difficult problem. The
permeability of a material is not a constant
value and depends on the amount of magnetiza-
tion. Fig. 12 shows a typical permeability
curve. It should be noted that this curve shows
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two rather straight portions and the operating
point may be chosen on either of them by
means of d.c. biasing. If the core of the head
is now subjected to an h.f. current, then the
permeability will change around the operating

Fig. 13. Playback head of novel design. -

point and in sympathy with the high frequency,
i.e. the magnetic resistance alters with the
applied high frequency voltage. The signal on
the medium will however also alter the
magnetic resistance and the result is a field
which generates in the windings of the playback
coil an hf. voltage modulated by the audio-
frequency signal. Fig. 13 shows the layout of
such a head. The core has a playback gap and
is of conventional design. A magnetic short
circuit is included, however, and this carries a
winding L1. L2 and L1 are in series and are
fed with an h.f. current. The windings are
balanced so that no voltage is induced in L3.
The presence of the audio signal now disturbs
.the existing balance in coils L1 and L2 and in
L3 an h.f. voltage, modulated in sympathy with
the audio-frequency signal, is induced. The
magnitude of the induced field depends on the
number of flux lines cut per unit time, but this
is mainly determined by the h.f. field so that
the frequency of the audio signal is of very
little importance. According to Leitener the
output from such a head is very much greater
than that of conventional design. It is necessary
to note, however, that the modulation obtained
is without a carrier and it would appear
advantageous to couple a carrier "of correct
phasing to the modulation. ;
If the gap in the playback head is not exactly
parallel to the gap of the recording head,
damping of the higher frequencies will occur.
The damping is equal to (sin x)/x
or in decibels: 20 .logy [(sin x)/x]
where x=(x . tan a)/2.

231




H. P. SPRING

In practice a tilting of the gap of one-quarter
of the gap width of the playback head is
normally accepted as permissible. The effect
of the damping caused by such tilting can be
used to contain two separate recordings on one
track without an appreciable amount of
cross-talk or interaction between the channels.
Since the system would appear to be highly
suitable for stereophonic reproduction, this
would be of little importance in any case.
Heads recommended by F. Krones! for this
purpose would contain an X or V gap and
would be fitted with two separate windings.
The possibility therefore exists of utilizing the
full width of the tape as against less than
one-half in conventional double track recording
systems, resulting in a gain of output level of
6db. If the geps were considered to be at
45 deg. to the edge of the tape, their length
would be extended by 1:44 and the output
increased by 3 db. The overall gain would then
show a rise of 12 db if account is taken of the

Fig. 14. Designs for heads suitable for stereophonic
recording.

fact that no safety margin, usually one-third of
the tape width, is required, a worthwhile

proposition. Fig. 14 shows the design of such

heads.

9. Alterations of the Characteristics of

Recording /Reproducing Heads with use

A recording or reproducing head in use will
be subjected to certain changes. These become
apparent after periods of time which vary
considerably and which depend on the type and
construction of head, the material used, the
abrasive properties of the tape, tape speed and
tape pressure. Recording heads and repro-
ducing heads are nearly always treated after
manufacture and after assembly in specific
ways to ensure that their active surfaces are
smooth, their gap is uniform and clean and that
they will make good contact with the medium
during operation. Such treatment may consist
of a special linishing process after which the
head is highly polished ready for incorporation
on to the recording apparatus. It will be
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found, however, that the physical contact
between tape and head gap is not yet quite
ideal and is dependent on the alignment of the
head or the medium or both. Due to the
abrasive properties of the tape a “bedding in”
process takes place during the first few hours
of operation. In cases where fresh tape is used
as well as a newly manufactured head, this
process is even more pronounced, not only
because of the higher abrasive properties of
such tape, but also because wear takes place
which will remove superfluous particles of iron
oxide from the tape This brings the mass of
the tape into closer contact with the head gap.
The active part and pole-pieces of the head are
subjected to further polishing at the same time
until the tape makes good physical contact with
the gap over its full width and.with even
pressure. The result is an improved top
response of the arrangement and must be taken
into account when setting the frequency
response on new equipment provided of course
such accuracy is required. Since wear on the
head is dependent on both tape speed and time,
it can only be expressed as a function of tape
length. Wear on the tape, however, depends
on the number of times on which a point on
the tape has passed the head and can only be
expressed as number of playings.

In the following measurements a tape of
1,200 feet in length was used which was pulled
across the face of the head at a constant speed

. of 3:75 inches per second; the direction was

reversed after every 1,200 feet. The head is
of a type similar to those used in a number of
current recording machines. It must be borne
in mind, however, that the final results depend
on the exact type of head and tape used in the
experiments. Figure 15 shows the relationship
between frequency response and tape length
moved across the head at a constant pressure
of the tape against the head of 25 grammes,
50 grammes and 75 grammes. It will be
observed that after a very short time—
regarding the amount of tape passed in units
of time—the top response of the recording
equipment has reached a peak value which is
then maintained for some span of time. The
response then begins to fall off at a steadily
decreasing rate. This takes place after the
initial bedding-in process is completed and is
due to a widening of the gap due to wear. The
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author is also of the opinion that changes in
permeability take place in the core of the head,
although no concrete figures are available to
confirm this. theory. The drop in frequency
response is not steady and decreases since the
conventional construction of a recording head
offers an enlarged surface to the medium as
wear progresses. In Fig.15 the curve for a tape
pressure of 75 grammes shows a marked
increase of level after approximately 100 feet
of tape have passed the head. This it not only
due to an increase in top response because
of the better physical contact between tape and
head but is also due to a general increase in
noise level.

8 T T T
g 0 7 /L 25 GRAMMES PRESSURE
& o <50 GRAMMES PRESSURE
w z NN
o« +8 75 GRAMMES PRESSURE
57 y 4 AN,
z NI~
506 S
wts ) Y ~1C
Ty NN N
;"3 \ \
E‘z \\ \\
© 4y N N
“o

25 250 500 750 000

TAPE IN THOUSANDS OF FEET

Fig. 15. Typical relationship between head/tape
wear and frequency response.

To observe the effects of general tape wear,
a loop of recording tape, carrying a recording
of 10,000 c/s sine wave is played back con-
tinuously and the output measured across the
head. With a new head and new tape, a
bedding-in process will again take place, as
previously described. The output at the
frequency considered will however show only
a very small increase which reaches its peak
after about 10-15 playbacks. The response will
then remain unaltered for about a further 20
playbacks and will then gradually decrease.

The decrease is due to particles of iron oxide 2. “Handbuch fuer

wearing off due to friction between head and
tape. As has already been shown, a very short

recorded wavelength will not penetrate the 3.

medium to an appreciable amount and it is

mainly the surface of the coating which is 4.

saturated. Due to particles being worn off the

10. Conclusions

Tape recording systems have reached a very
high standard as compared with their fore-
runners. Their development however is by no
means complete and sufficient scope is left for
new designs and new methods to make the
apparatus more efficient or more reliable. This
paper has dealt with all principal and basic
requirements encountered when designing

. (b)
Fig. 16. (a) Shows a new recording/playback head.
(b) The .same head after 2,000,000 feet of tape have
been passed over it with a pressure of 25 grammes.

magnetic recording or reproducing equipment,
although final production methods are often
kept exclusive by the actual manufacturers.
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cross section will also decrease and hence the

output will drop. (See Fig. 16.)
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Demagnetization of ferromagnetic particles

by F. SMITH, M.Sc., A.Inst.P., Research Department, Simon-Carves Limited, Stockport

MS. received 29th September 1960

Abstract

The finely divided magnetic solids, encountered in dense
medium coal preparation and iron-ore beneficiation plants,
show a wide variation in their residual magnetism after
passage through an alternating current demagnetizer.
High residual magnetism is associated with considerable
oscillation of the suspended particles in the alternating
magnetic field. It is shown that this behaviour cannot be
unambiguously correlated with the magnetic properties of
the bulked material, and a test based on settling character-
istics is preferred as a means of differentiating the
materials.

1. Introduction

e.g. in coal preparation by separation in dense medium

baths and in iron ore beneficiation plants employing
grinding and size separation, is the demagnetization of small
ferromagnetic particles in aqueous suspension to reduce their
flocculation to a minimum. The normal method of demag-
netization, by the application of an alternating magnetic
ficld of sufficient strength to remove previous magnetization
and the subsequent gradual reduction of this field, does not
always give good results. In the sub-sieve size range there
is a close balance between the magnetic couple tending to
rotate the magnetized particle and the forces tending to
rearrange the domain structure. Whether or not the particle
rotates is dependent upon many factors, its size, shape,
inertia, proximity to other particles, the medium viscosity,
the magnetic characteristics and the alternating current
frequency.

Hartig et al. (1951) considered the coercive force gHc,
measured on the bulked powder, to be the main criterion for
such rotation and gave a limiting value of 100 Oe, and other
workers (Onstad and Foot 1954, van der Walt 1957, Williams
and Hendrickson 1956) have since accepted this correlation.
However, a preliminary investigation showed that the
magnetic properties, including the coercive force, are a
function of the particle size (Fig. 1), which would indicate
that Hartig’s criterion was incomplete. The work described
in this paper was carried out to determine how the coercive
force and the other bulk magnetic characteristics of a variety
of magnetic powders, of different sizes, affects their demag-
netization in suspension.

! N important problem in the mineral dressing industry,

2. Measurement of the residual magnetization and
demagnetization efficiency

No reliable and simple method (Morrish and Yu 1956a, b)
is available for the examination of the external field associated
with small particles, after incomplete demagnetization and
indirect methods have to be employed. Where several
magnetized particles are in close proximity they form an
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agglomerate, the size of which governs the settling rate in
suspension. An increase in the size of the agglomerates
increases the settling rate, which may therefore be used as
an indirect measure of the efficiency of demagnetization.
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Fig. 1. Variation of magnetic properties with mean particle
size.

Hartig et al., working with low concentrations of solids
(3 to 5% by volume), used as a criterion the time required
for the formation of a visible interface after shaking. The
presence of non-magnetic particles interferes with the
observation of the interface, and Williams and Hendrickson
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modified the method for use with mixtures of magnetic and
non-magnetic materials, by weighing the solids contained
above and below a fixed level in the settling tube after a fixed
time. At higher volume concentrations (greater than 109;)
such suspensions generally settle with a sharply defined
interface, even when they contain non-magnetic particles.
For any magnetic state the settling speed of this interface is
reasonably constant and reproducible, and this was used as
a measure of the residual magnetism throughout the present
work. The absolute values of the settling speeds do, of
course, depend on the particle size distribution and the
density of the sample, as well as on its magnetic history. In
order to eliminate these adventitious effects, two parameters
have been introduced to define the demagnetization efficiency.

(i) The ‘settling rate ratio’, defined as the ratio of the settling
rate obtained after demagnetizing the sample in suspension
to that obtained after demagnetizing the sample in the
damp, compacted state.

Fig. 2 shows the settling rates of a number of materials
which had been demagnetized at different specific gravities,
including the damp, compacted state. Any rotation or
oscillation of the particles during demagnetization gives
inefficient demagnetization, and hence a higher settling rate
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Fig. 2. Variation of settling rate of demagnetized suspension
with concentration of solids during demagnetization.

o=+ - [].-.~=Iscor, sample 27.

- === A ———- = Shelton, sample 30.
------ X+« +++ = Consett, sample 25.
~—— O —— = P.I.C, sample 11.

than that obtained after demagnetization in the damp com-
pacted state, where particle movement is prevented. Con-
versely, where no particle rotation takes place, the settling
rate and the settling rate ratio are independent of the
concentration of the suspension during demagnetization.

(ii) The ‘equivalent magnetization field’, defined as the
magnetizing field required to produce, from the totally
unmagnetized material, the same settling rate as that
resulting from the demagnetizing treatment. This
parameter eliminates the variable effect of magnetization
in causing agglomeration, and hence increased settling
speed, between one sample and another. This variability
is shown in Fig. 3.
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3. Settling rate

The measurements of settling rate were made on sus-
pensions of 12 %; volume concentration contained in graduated
Perspex tubes 124 in. long by 1 in. internal diameter. After
each magnetization and demagnetization treatment, the
suspensions were shaken vigorously to disperse the agglo-
merates and were allowed to settle. The time at which the
interface between the suspension and supernatant water
passed the different graduations was noted. The final
consolidation period and a slow starting period, which
occurred with some suspensions, were ignored. The rate of
fall thus obtained was generally constant and reproducible.
The excellent agreement between repeat measurements
implies either that the vigorous shaking does not affect the
residual magnetization, or that any change is completed
during the first shaking. All the measurements were made
with the tubes in a water bath maintained at 25 + 4° c.

4. Magnetization and demagnetization

The suspensions were magnetized by passage through an
air-cored solenoid giving a field of 50 oersteds per ampere of
exciting current.

For demagnetization the suspensions, all of which had been
magnetized at 500 Oe, were passed slowly through an iron-
cored demagnetizer with a 2 in. gap, operating with a peak
field strength of 1600 Oe at 50 c/s. This high field strength
was chosen to amplify the differences arising from particle
rotation.

The efficiency of the demagnetization of the damp compact,
which is used as the standard throughout the present work,
was assessed by measuring the settling rate after such treat-
ment and the settling rates obtained after the following
treatments:

(@) roasting in air at 850° ¢ (Meerman and Oderkerken 1953),
when the magnetic ferrosoferric oxide (Fe;0,) is con-
verted to the weakly magnetic ferric oxide (Fe,05);

(b) demagnetization of a frozen suspension (Hartig et al.

1951) of 129, volume concentration, which prevents any
motion of the particles.
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The settling rates given in Table 1 show that there is good
agreement between the three methods.

Table 1. Comparison of methods of demagnetization
Interface settling rate (in|min)
After demagnetiza- After demagnetiza-
tion of the After tion of the
Medium damp compact roasting  frozen suspension

Natural—Norwegian 0-36 0-37 —_
synthetic—P.L.C. 0-51 0-45 —
Natural—Norwegian 0-49 — 0-50
Blast furnace flue dust 0-38 — 0-37

5. Magnetic properties

The magnetic characteristics were measured by a modifica-
tion of the Ewing Isthmus method, similar to that described
by Gottschalk and Davis (1935). Briefly, the sample was
placed in one of a pair of similar capsules in the gap of an
clectromagnet. The secondary coils wound round each
capsule were balanced so that, in the absence of a sample,
no galvanometer deflection was observed on changing the
magnetic field. With a sample in one capsule the deflection
is then proportional to the induction in the sample. Hysteresis
loops were measured for maximum field strengths of 540,
1170 and 3000 Oe and the normal induction loops from 30
up to 3000 Oe.

With the exception of the intrinsic coercive force, {Hc, the
magnetic characteristics are very dependent upon the packing
density (Gottschalk and Davis 1935). To compare the
different materials, a standard packing density of 200 g/cm?
was adopted, magnesium oxide being added as a diluent when
nccessary. Being non-magnetic the addition of the oxide
does not add to the magnetic induction of the compact. To
allow for the small unavoidable experimental variations in the
actual packing density (4005 g/cm?), a series of auxiliary
measurements was made in which the packing density was
varied over wide limits. The results enabled the appropriate
corrections to the measured magnetic parameters to be made.

Microscopic observations, similar to those of Hartig e al.
(1951), were also made on the behaviour of the particles
under the influence of a 50 c/s alternating field.

6. Materials

The materials examined consisted of natural and synthetic
magnetites, pyrites cinder extracts and blast furnace flue dust
extracts (B.F.F.D.E.). They were prepared by ball milling
and subsequent removal of the fraction coarser than 200 mesh
B.S.S. (76 p) and the non-magnetic material. Where possible
several samples were prepared, differing in ball milling times.

To investigate the effect of chemical composition and
structure, several samples of a synthetic magnetite (P.I.C.)
were reduced (by hydrogen) or oxidized (by air). For the
reduction the samples were placed in a thin layer in Inconel
boats in a silica tube and were brought up to the required
temperature of 560 + 10° c in an inert stream of nitrogen.
Hydrogen at atmospheric pressure was then passed through
for the required time and the samples allowed to cool slowly
in an atmosphere of nitrogen. On contact with air the
reduced samples re-oxidized, sufficiently rapidly to raise the
temperature to between 300 and 400° c. After re-oxidation
the individual particles are probably made up of a complex
matrix of the individual iron oxides and free iron, the outer
layer probably being the ferroso-ferric oxide and the inner
layer free iron, with ferrous oxide as the intermediate layer.
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Evidence for the existence of this layered structure'is the
further rapid re-oxidation that occurs when the individual
particles are fractured by crushing or grinding.

7. Results

The variation of bulk magnetic characteristics with the
particle size of the sample is shown in Fig. 1. The measure-
ments were made on six size fractions of Norwegian magnetite
separated on a Bahco air classifier. The sieved, —53 w,
sample was cut at 1-7, 2:7, 4-4, 10-5 and 225 p, which
gave the mean sizes of the fractions as 0-8, 2-2, 3-6, 7-5,
16-5 and 38-0 u. It can be seen that, with the exception
of the maximum permeability which shows just the
reverse behaviour, the magnetic characteristic decreases
with increasing particle size up to about 30 w and then
steadies off.

The principal experimental results are tabulated in Table 2,
which shows the settling behaviour, the demagnetization
behaviour, the bulk magnetic properties and the iron/iron
oxide analysis of thirty-one materials.

In order to assess whether or not there was any correlation
between the bulk magnetic properties and the demagnetiza-
tion behaviour, correlation coefficients and corresponding
probability levels were calculated and are given in Table 3;
the samples were grouped for convenience.

8. Discussion

The qualitative microscope observations of particle chain-
ing and rotation agree very well with the equivalent
magnetization fields given in Table 2. Those media having
equivalent magnetization fields of zero show, in the mag-
netized state, only slight rotation which ceases at relatively
low alternating field strength. After demagnetization in
dilute suspension no rotation is observed. For those media
with high equivalent magnetization fields all the particles
show rotation, both after magnetization and demagnetization
in a dilute suspension.

Over the size range considered, corresponding to interface
settling rates of 0-1 to 0-6in./min at 129, volume con-
centration, the effect of the particle size on the equivalent
magnetizing field is small.

The only significant statistical correlations, between the
equivalent magnetization field or settling-rate ratio and the
magnetic characteristics, that holds for all groups of media,
are those for the coercive force and the maximum permeability.
The correlation with the ‘technical’ coercive force (gHc)
suggested by Hartig et al. (1951) is not as good as with the
‘intrinsic’ ((H¢) coercive force. The fact that Hartig was
working with coarser materials in dilute suspension may
have some bearing upon this. Reference to Fig. 4, however,
shows that even with this good correlation the coercive force
cannot be used to predict with any certainty the behaviour
on demagnetization. The ‘natural’ magnetites, i.e. excluding
the blast furnace flue dust extracts and the hydrogen reduced
samples, show the effect of the particle size; the solid circles,
representing coarser material samples 1-7, have a lower
coercive force for the same equivalent magnetizing field.
That the bulk magnetic characteristics can give misleading
information is readily seen by comparing samples Nos 5 and
10, Normetal pyrites and Shelton, which have similar size
distributions. They have almost identical bulk magnetic
characteristics (Table 2) and yet the equivalent magnetizing
fields are 80 and 490 Oe respectively. After demagnetization
in suspension the interface settling rates were 0-7 and

BRITISH JOURNAL OF APPLIED PHYSICS




DEMAGNETIZATION OF FERROMAGNETIC PARTICLES

1-8 in/min, yet after efficient demagnetization in the damp
compacted state, the settling rates are only 0-6 and 05 in/min
respectively. Nevertheless, the results show that a high
maximum permeability and low coercive force are, in general,
associated with easy demagnetization of these small particles
when in suspension. A similar correlation is known to exist
between these two parameters and the ease of domain
rearrangement during the magnetization of large bodies.
From their behaviour in dilute suspension the media seem
to fall into two categories: (@) the blast furnace group,
typified by extreme rotation and inefficient demagnetization
in suspension; and (b) a natural group, including synthetic
magnetite and pyrites cinder, with very much better demag-
netization characteristics. The reason for the pronounced

rotation of the former group is probably associated with
their mode of formation, and this seems to be borne out by
the experiments with reduced and oxidized synthetic
magnetite. The oxidation and reduction reactions in the
blast furnace flue gases will tend to produce a layered struc-
ture of oxides and free iron. The inhomogeneities will
restrict the free movement of the domain walls required for
demagnetization and the particles will therefore tend to take
the easier path of bodily rotation with only a limited amount
of domain rearrangement. The reduced P.I.C. samples,
prepared so as to form such a layer structure, exhibit very
high equivalent magnetization fields (Fig. 4). Where the
outer layer is essentially non-magnetic, as in the oxidized
P.I.C. sample, there is no apparent change in the extent of

Table 2. Demagnetization, bulk magnetic properties and iron content of magnetic materials -

O] (€)) @ @ oo O 6 ® qo| an a2 a3 |da4 as a1
1 PIC. 0-63 1-00 0| 57 46 23-5 2-62 248 | 2-01 4-20 130 | O 42-4 21-3
2 Norwegian 0-49 1-00 0| 9% 76 38-7 7-00 356 |2-09 3-72 190
3 Phoscor 0-55 1-02 40105 78 36-5 7-26 342 (1-96 3-32 230 O 45-5 209
4 Rossington 0-61 1-13 60| 115 93 41-5 10-60 428 | 2:08 3-58 250
5 Normetal pyrites 0-63 1-14 80120 75 23-0 3-50 175|1-52 2-05 280
6 Ermelo 0-47 1-10 120 | 115 82 41-0 5-60 270 | 1-91 2-86 340
7 Indian 0-58 1-30 145|160 94 33-3 5-17 215} 1-54 1-98 350
8 Oxidized P.I.C. 0-64 1-00 0| 68 37 11-7 0-78 86|1-49 207 160 | 0-1 53-6 6-7
9 Iscor (B.F.F.D.E.) 0-58 3-72 630 | 190 116 51-3 8-56 295 | 1-54 2-07 380 | 3-5 52:7 92

10 Shelton (B.F.F.D.E) | 0-51 3-56 490 | 127 73 ~25-0 3-12 163 | 1-54 2-02 250 | 11-6 37-4 9-0
11 PIC. 0-17 1-00 0| 77 64 31-2 4-92 292|206 3-70 200 | O 43-7 20-9
12 Norwegian 0-40 1-00 0127 103 55-0 14-10 510 |2-12 3-60 260 | O 48-5 236
13 Ermelo 0-33 1-00 0115 84 366 6-48 309|194 3-06 340 | O 55-3 14-6
14 Rossington 0-31 1-02 20145 110 58-4 15-40 511 |2-08 3:50 330 | 0 45-0 251
15 Phoscor 0-18 1-17 120 | 157 117 56-0 14-10 443 { 1-91 2-89 330
16 Phoscor 0-27 107 55| 140 108 49-3 12-90 435|1-93 3-12 300
17 Phoscor 0-3¢ 1-05 60| 117 94 42-0 10-80 425 | 1-96 3-31 260
18 Normetal pyrites 0-17 120 140 | 150 98 359 6-66 258 | 1-65 2:22 340 O 53-5 151
19 Tata 0-37 1-46 160 | 148 94 37-2 6-30 274 |1-61 2:20 300 O 50-7 195
20 Indian 0-27 1-36 170 | 160 100 34-8 6-38 240 | 1-58 2-02 380 | 0 56-0 148
21 P.I.C. reduced in H,
for 10 min 0-21 4-55 495122 89 63-8 8-68 390|209 3-28 160 | 11-2 33-5 151
22 P.I.C. reduced in H,
for 20 min 0-26 5-90 555|153 114 809 12-80 442 |2-08 3-01 180 | 15-4 28-8 23-7
23 P.I.C. reduced in H,
for 30 min 0-26 9-85 1000 | 237 171 111-1 22-70 536 | 2:04 2-55 500 | 19:0 19-7 28-5
24 P.I.C. reduced in H,
for 60 min 0-22 14-30 1100 | 250 176 112:0 24-30 525 | 1-99 2-43 550 | 22:5 12:3 362

25 Consett (B.F.F.D.E.) | 0-15 2-48 375|135 94
26 Iscor (B.F.F.D.E) 0-10 3-63 460 | 202 132
27 Iscor (B.F.F.D.E.) 0-22 3-74 560|203 126
28 Iscor (B.F.F.D.E.) 0-44 3-60 560 | 185 118
29 Shelton (B.F.F.D.E.) | 0-12 2-53 515|120 73
30 Shelton (B.F.F.D.E) | 0-17 3-03 425|120 76
31 Shelton (B.F.F.D.E.) | 023 3-17 660 | 132 83

43-0 8-15 327
59-0 11-90 352
54-5 10-50 327
47-4  9-30 300
27-2  3-35 184
33-8 3-88 204|1-70 2-30 260 | 13:0 37-0 13-8
29-4 3:92 191 | 1-60 2-07 260 | 14-0 38:6 8-1

*77 2-78 270 | 0-2 45-2 21-6
‘68 2:20 360 | 4-0 50-3 13-4

-55 2-11 400| 3-8 55-1 8-0

— ok ok
N
[+
N
—
—
H
—
(V.

(1) Sample number; (2) material; (3) demagnetized damp settling rate (in/min); (4) settling rate ratio*; (5) equivalent magnetizing

field (Oc); (6)~(10) 3000 Oe: (6) coercive force, {He, (7)

coercive force gHc, (8) hysteresis loss x 10~3 (erg cycle~! em=3), (9) maximum

energy product X 10-3(GOe), (10) remanent induction, 471 (G); (11) permeability at 1600 Oe; (12)-(13) maximum permeability: (12) value,
(13) field (Oe); (14)(16) iron content (%): (14) free, (15) ferric, (16) ferrous.

Note.—~The samples having the same name but different sample number, differ in the length of time of grinding, and hence in particle
size. This is reflected in the demagnetized ‘damp’ settling rate; the larger this value the larger the particle size.

* The ratio of the settling rate after demagnetization at 12+5%; volume concentration to that after demagnetization in the ‘damp’ state.
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Table 3. Correlation coefficients (r) and probability levels (P) of thz magnetic characteristics with the equivalent magnetizing
field and settling-rate ratio
Coercive force Permeability Remanent Hysteresis Maximum
’ Intrinsic yHc Technical gHc Maximum At 1600 Oe induction loss energy product
,f.’,‘,.’Z’ifs Correlation with r P r P r P r P r P r P r P
jto7 Equiv. mag.
field +0-86 0-02 +0-67 0-10 | —0-84 0-02 —0-69 0-09 —042 — 4014 — —-0-03 —
Settling-rate
ratio +0-89 0-008 -+0-67 0-10 —0-81 0-03 —0-75 0-05 -0-39 — 4000 — +0-01 —
{10 10  Equiv. mag.
ficld +0-75 0-02 +0-59 0-08 —0-54 0-10 -—-0-52 — -0-10 — 4040 — +0-02 —
Settling-rate
ratio +0-64 0-05 +0-51 — —0:50 — —-0-499 — —-0-14 — +0-29 — 4010 —
11to 20 Equiv. mag.
field +0-73 0-02 +40-33 — —0-92 6-001 —0-92 0-001 | —0-52 — —0-26 — -0-29 —
Settling-rate
ratio +0:-62 0-06 +0-18 — —-0-90 0-001 —0-53 — —0-58 0-08 —0-34 — —040 —
11 to 24  Equiv. mag.
field +0-85 0-001 +0-84 0-001 | —0-38 — +0-21 — +0-47 0-09 +40-91 0-001 +40-73 0-003
Settling-rate
ratio -+0-84 0-001 +0-85 0-001 { —0-30 — +0-27 — +0-52 0:06 +40-92 0-001 +0-77 0-002
11to 31  Equiv. mag.
sﬁclzld +0-72 0-001 +0-63 0-002 | —0-50 0-02 —0-12 — +0-12 —  40-65 0-002 +40-43 0-05
ettling-rate
ratio +0-68 0-001 +40-77 0-001 | —0-24 — +0:20 — +0-41 0-07 -+40-85 0-001 -+40-68 0-001

The dashes indicate a probability level of greater than 0-10.

particle rotation and no apparent effect on the domain
rearrangement of the central magnetic portion.

Comparing the oxidized sample with the original P.I.C.
sample, it is obvious that there have been marked changes in

1250
a
1000 0—
3
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z a
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g
g a la
£ o
H a
< 300 ua PA
: A
2 .
a
relt
[e]
q} [ ]
° o)
R
(o]
e—0-0—e-—0—0
% 50° 0 %0 150 200 250

Intrinsic coercive force (Oe)
Fig. 4. Variation of equivalent magnetizing field and intrinsic
coercive force.

e natural and synthetic magnetites, samples 1 to 7.
O natural and synthetic magnetites, samples 11 to 20.
A blast furnace flue dust extracts.

O oxidized and reduced synthetic magnetite.

the bulk magnetic characteristics which have not affected
the demagnetization behaviour. In this case the changes
have acted to reduce the percentage of magnetic material
present in the particle. Similar effects can be seen within
the natural group; the high values of permeability for
Norwegian magnetite compared with the much lower values
for the Indian magnetite can be associated with the decreased
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magnetite content in the Indian sample. The coercive force,
which is found by experiment to be unaffected by dilution, is
therefore the only available criterion of the magnetic
behaviour, and it is not surprising that the correlation with
demagnetization efficiency is better for this property than
the others.

9. Conclusions

Although a low coercive force and high permeability are
desirable, there does not seem to be any simple correlation
between the bulk magnetic characteristics of all media and
their behaviour on demagnetization in suspension. The
measurement of the settling rate after demagnetization in
suspension and in the damp compacted state gives more
information about the ease of demagnetization, and this
technique is now being used in the author’s laboratory for
the assessment of magnetic media.
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A-C Magnetic Erase Heads

By M. Rettinger

Various types of a-c magnetic erase heads of the ring-shaped type are
described. After a brief mathematical treatment of the magnetic flux
density required for erasing, there are given the measurements of the
amount of erasure obtained with various heads used both singly and in

cascade.

Also included are curves showing the rise in temperature on

part of two heads as a function of the 70-kc erase-current through the

head.

HE METHOD of a-c¢ erasing consists
Tin passing the recorded medium
through an alternating magnetic field
which, in its central portion, has a high
enough flux density to saturate the
medium, and which, outside the central
region, decays gradually to zero. The
necessary extent of the field, both in its
center and in its adjoining regions, is
dependent on the wavelength of the
erase frequency, in order to assure a
sufficient number of magnetic reversals
while the medium is passing over the
eraser. This wavelength, in turn, is
dependent on the speed with which the
medium travels, and is given by:

|4

R‘-="14;

where A\ = wavelength, inches;
F = frc((i)uency, cycles per second;
n

a
V = specd of medium, inches per
second.

Thus, for a 68,000-c. erase frequency
and a medium speed of 18 in./sec, the

Presented on October 18, 1950, at the
bocletys Convention at Lake Placid,

wavelength comes to 18/68,000 =
0.000265 in. In the case of a 0.004-in.
long central field, every portion of the
medium in its passage over the eraser is
subjected to approximately 15 mag-
netic reversals (0.004/0.000265).
So-called ring-shaped heads are, at
present, the preferred type of erasers.
Like ring-shaped record and reproduce
heads, they consist usually of two lami-
nated cores forminga toroid of asort, with
a back and a front gap. The material
for the laminations is most frequently
silicon steel because of its higher satu-
ration point, compared to Mumetal or
Permalloy. The lamination thickness
is kept very small, 0.003 in. or less, to
reduce to a minimum eddy current losses
with their consequent heating effects.
While the front gap may assume various
configurations, including that of a
double gap, the back gap generally
consists of a butt joint, since, on ac-
count of the large front-gap reluctance,
no demagnetizing back-gap spacer is re-
quired, unlike in a recording head.
Figure 1 shows various types of ring-
shaped erase heads. In this figure, (a)
represents the most commonly used unit;
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paratively great length, 0.5 mm (0.020
in.). The second head shown, (b), em-
ploys a double gap,? consisting of a mag-
netic spacer sandwiched between two
plastic spacers. The head pictured in
(c) also has a double gap, but utilizes a

magnetic center core instead of a mag-

netic center spacer as shown in (b).
Figure 1(d) shows a head used in con-
nection with d-c erasing. Figure 1(e)
is a dual head in which the tape passes
between two ‘‘standard’” erase heads.
In (f), the tape passes first over one and
then over another erase head; this unit
will be described in greater detail later.
Figure 1(g) represents the ‘‘Howell
head,” intended for high-coercivity
tape, and energized with power-line fre-
quency current, according to patent
claims,?

For a given front-gap length of head,
two factors appear to favor a high erase
frequency. The first is the increased
number of magnetic reversals to which
the tape is subject as it passes over the
head. The second is the greater amount
of self-demagnetization on the part of
the little “dipoles” on the tape. The
disadvantage of a high erase frequency
rests chiefly in the larger eddy-current
losses, with their consequent heat pro-
duction and power waste, which losses
increase with the square of the fre-
quency. The flux density in the air gap
is given by '

(dy

Fig. 1. Various types
of ring-shaped erasc
(X2} heads.

flux, maxwells;
area of pole face, in square
centimeters;
= reluctance of air gap (consid-
ered much larger than the re-
luctance of the core, so that
the latter becomes negligible);
number of turns;
current, amperes;
length of air-gap; and
magnetomotive force, gilberts.
180, I = 0.075 amperes, | =
0.01 cm (0.004 in.)
1.256 X 180 X .075

0.01
= 1695 gauss.

where ¢
A

]

=
|

8
2~z
{1 1 O

I

Investigating, at 70 ke (kilocycles),
the ratio of flux density in the front air
gap to that at the periphery where the
tape rides, Fig. 2 was obtained. As
may be surmised, this ratio decreases
with increasing gap length, and has a
value of 4 for a front-gap length of 4 mils.
The relatively high flux density in the
air gap compared to the peripheral dens-
ity has led various investigators to con-
struct erase heads in which the tape
passes through the gap, as in the
“Howell head,” and as in the device
shown in Fig. 1 (¢). The unfortunate
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periphery as a function of front-
gap length.

feuture of these ‘‘tape-through-gap”
heads lies in the relatively large gap
which must be employed, since it must
be large enough to pass a splice. Need-
less to say, such heads must be rigidly
constructed if they are to be tuned, since
small changes in the gap length will pro-
duce large changes in the inductance,
with consequent tuning variations.

To learn something of the effective-
ness of high-frequency erase heads of
the ring type, a number of pairs of heads
were built with different front gaps and
identical inductances. The value of in-
ductance chosen was 2 mh (millihenrys),
so that two heads in series would have
an inductance of 4 mh, which with a
series tuning condenser was considered
the largest practical value for an erase
frequency of 70 ke. For a single head
and short leads, the series capacity was
0.0026 uf (microfarads), and for a double
head, 0.0013 uf. The back-gap spacer
of all heads was made of the same mate-
rial as the core laminations (49 silicon
steel), and its length was equal to that
of the plastic front-gap spacer. The
recording medium used was Minnesota
Mining Company 35-mm film, No. 115.

A number of tests made with single
heads indicated that, regardless of the
current supplied to the head, 70-db
erasure was not possible. Surprisingly,
a head with a 20-mil front gap erased
about as well as one with a 4-mil gap.
All heads erased 50 db with 100 ma
(milliamperes), and 57 db with 120 ma,
after which additional current had little
effect. A head with the double gap

01 2 3 456 7 8 910
Front Gap Length in Mils

such as shown on Fig. 1(c¢) provided 61-
db erasure with 120 ma, after which
additional current had again little
effect.

When two heads were connected in
cascade, however, so that the tape
had to pass first over one and then over
the other, the heads with the 4-mil gaps
were much more effective than those
with the 20-mil gaps. Thus, the ‘“4-mil
-heads” provided 70-db erasure with only
70 ma, two ‘“10-mil heads’’ required 100
ma, and two ‘“20-mil heads” needed
120 ma of current for this amount of
erasure.

A rather stringent erase test is made
not merely to note the output meter of
the reproduce amplifier during erasing,
but also to listen to the monitoring
speaker, with full gain in the reproduce
amplifier while erasing a 1000- or 2000-
c test frequency to which the ear is most
sensitive. Thus the output meter might
indicate complete erasure, or at least
show a value comparable to that ob-
tained when the tape is erased with a
60-c Goodell eraser; yet, when high-fre-
quency erasure is incomplete, a trace of
the test frequency can still be heard, so
that the current through the head has to
be increased until the signal is no longer
audible. The effectiveness of all of the
experimental heads was therefore judged
not only by the output meter but also
by the ear.

To investigate the subject further,
one 4-mh head with a 4-mil front gap
was built. While it was possible to
erase 68 db with this head when a cur-
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of the head cores as
a function of current.

rent of 120 ma was flowing through it,
the head became undesirably hot. It
may be noted that, if the chief deter-
mining factor for erasing had been the
number of ampere-turns, the 4-mh head,
with its 1.41 times the turns which each
of the 2-mh heads carried, (Fig. 1(f)),
should have erased equally well with
1.41 times the current which flowed
through each of the two 2-mh heads, or
approximately 100 ma (.07 X 1.41).

It was at first believed that the 4-mh
head, with its larger number of ampere-
turns, became saturated when a current
of 100 ma or somewhat larger was flow-
ing through it. For this reason a small
exploring loop made of 0.001-in. wire
was placed in front of the gap, and the
output from the loop amplifier was noted
as the head current was increased from

10 to 200 ma. Perfect linearity existed
for this current range between input t
the head and output from the loop am.
plifier at 68 kc; nor did the flux djs.
tribution about the gap widen or change
for these current values.

For this reason it may be possible that,
after first erasing the tape with a ring
type head energized with high-fre-
quency current, there occurs a ‘e
awakening” of thesignal—a reorientation
of the dipoles constituting the signyl
on the tape—which can be completely
obliterated only by a second erase op-
eration.

Apparently, too, some time lag must
exist between the two erase operations,
For this reason, possibly, the double-gap
head with its 0.1-in. center core, pro-
viding a time interval of only 1/180 se,
was not as effective as the two heads in
cascade, whose separation corresponded
to a time interval of nearly 1/10 sec.
Further study of this method of erasing
appears, therefore, desirable.

A definite advantage connected with
the use of two heads in cascade lies in
the reduced heating of the head occa-
sioned by the smaller current required
for each head to effect complete erasure
for the two. Figure 3 shows the tem-
perature rise of the head cores as a func-
tion of current (70 ke). The curve was
obtained by placing a thermocouple on
the cores at the point where the tape
contacts the head, and increasing the
current in 10-ma steps at 10-min in-
tervals. '
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