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Introduction

Development of the magnetic recording head described in this report was
undertaken primarily as a result of specifications ( 1, 2 ) given for an ad-
vanced design random access memory (RAM) employing magnetic discs,
Requirements particularly bearing upon magnetic head design were:

1. Reduce maximum access time from 600 to 50 - milliseconds.
2. Increase record capacity from 5 to 50 - million characters.
3. Keep machine cost within that of present RAM,

These requirements were best satisfied by providing a cheap
magnetic head for each disc face so as to reduce the time consumed in
disc -to-disc transfer of a single head. In spite of cost limitations, satis-
factory operation of the head was required under the following design re-
finements:

1. Bit density increased from 100 -to - 250 per in.

2. Track density increased from 20 - to - 40 per in,

3., Number of discs in file to be increased from 50 to 100, which
placed a height limit of 0.1 in. on the head to be developed,

Perpendicular vs, Longitudinal Recording

The complexity of fabricating "longitudinal' recording heads led to
a consideration of "perpendicular" designs for the application at hand,
Structural differences of the two forms can readily be understood from an
examination of Fig. 1 which shows the basic Delta head now used on the pre-~
sent RAM, and the shielded probe recording head, The latter shows the
present status in the perpendicular head design. Enlarged views of the pole-
tip regions in planes parallel to the recorded tracks, and the principal
directions of the magnetic flux at the pole~tips during recording, are shown
in the lower part of Fig. 1, to illustrate the difference between the two modes
of recording. Bixby 3 has mapped the field of the Delta head and has shown
that the principal component in the recording medium is longitudinal with res-
pect to the surface,

For the probe head, the principal component in the recording medium
is seen to be perpendicular, A detailed flux plot together with a summary of
the supporting calculations are given in Appendix A. These are shown in
Figs. 8 and 11.

In the case of the Delta head, the recording disc base material is
non-magnetic; RAM discs are of aluminum. As the probe head requires the
disc base to be magnetically "'soft", a mild steel has been used. High per-
meability materials plated or dispersion-painted on a non-magnetic base in a
layer approximately 0.001 in. thick prior to coating with Fep; 0 3 were also
tried and found to offer promise as a practical disk construction.
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Advantages of Perpendicular Recording

Two features of the probe head constitute its chief advantages: the
extreme simplicity of construction as shown in Fig, 1B, and the compat-
ability of the probe form with the gliding-head holder. Primarily because
nearly one hp of air compressor capacity is required by a normal airhead,
gliding support is necessary when an individual head for each disc face is
used, The low cost element makes it feasible to employ such a ganged
array of heads.

The working face of a simple gliding head must be lapped flat. Such
a final operation on an integral-longitudinal element and holder assembly
would radically modify the recording gap. Within limits, this is not the case
for the shielded-probe head.

Read signal ""overshoots" can be eliminated in the Delta head only by
a rounding -off of the gap-tip corners, which is a delicate operation. An
advantage of the perpendicular head is that overshoots may be eliminated
with relative ease by exactly centering the probe in the shield gap.

The height of the longitudinal head cannot be greatly reduced without
adding materially to fabricaticn difficulties, The height of the perpendicular
head can be reduced with fewer complications -- a factor which permits
reduction of the space between the discs, keeping the volume of the new file
roughly within that of the old.

Development of the Perpendicular Recording Head

Perpendicular recording heads initially constructed were not shielded,
but consisted of a simple probe alone of the form shown in Fig., 1B. The
read signal of such a head resulting from a single step change in recording
current at saturation level is shown in Fig. 2A. In terms for recording
surface dimensions, a bit recorded with this head spreads about 0,018 in.
along a track at 20% of peak reading signal, This spreading is caused primarily
by a rather wide "viewing angle'' during reading, and to a lesser degree by
a broad field distribution during recording. Eddy currents in the probe have
a negligible effect on spreading as was demonstrated by testing a ferrite core
with a 0,002 in. probe. The read signal for the ferrite head is shown in
Fig, 2B,

A significant improvement in resolution is provided by the shield faces
spaced by 0.00! in, brass or Mylar shims from the sides of the probe as
shown in Fig. 1B. The shield faces are 0.002 in. permalloy or mu-metal
with a silver plating 0,002 in. thick. While a degree of eddy current shield-
ing is obtained irom the silver film on the inside face, plating of the outside
face has no important effect on performance, and is worn off in the final lapp-
ing operation on the head faces. Shield faces of , 004" mu-metal, without
silver plating have also been employed and cquivalent results obtained. Fig, 2C
shows the reading signal from the shielded probe head and indicates a major

improvement in resolution. A theoretical calculation of the read signal is
given in Appendix B,
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Read Signal amplitude is not significantly aifected by the probe
shields, as shown by Fig. 2, indicating that there is little change in
magnetic circuit reluctance involving the probe with, or without, the
shields. Calculations presented in Appendix C verify this, and also show
that the lack of a complete magnetic path for the head core results in less
than 5% increase in reluctance.

Performance of the Shielded Probe Head

In all of the tests now described, record current was supplied to
one half of the head winding following D. C, erasure by current through
the other half. The read signal was taken across the entire winding., The
recording surface was initially erased by a 60 cps electromagnet. A "mild"
steel disc was used with a 0.0007 in, red oxide recording surface, and sur-
face speed was 670 in, per second. It is estimated that with the gliding
element employed, the head-to-surface spacing was approximately . 0005 in.

Fig. 3, 4, 5, and 6 show test results for head No, 62 and indicate
that the specifications were adequately met, Fig., 3A shows the read signal
after recording with various step-change magnitudes of current. TI'or each
test point, the recording head was first supplied with erase current of a mag-
nitude equal to the recording currecnt.

From Fig. 3B it is apparent that the saturation involved is that of
the recording surface and not of the probe since read signal spread is no
markedly increased at higher recording currents.

Fig. 4 presents the read signal after recording the NRZ] pattern
1100100111 at 100-, 200~, and 275~ bits per inch,

Track density performance is shown in Fig. 5, Unlike NRZI char-
acters at 250 bits per inch were recorded on tracks 0,025 in. apart. The
on~track read signals for each are shown in Fig, 5A. The read signals
resulting from displacement of the head 0.010 in. to either side of the
central track are shown in Fig, 5B, indicating excessive crosstalk,

Since it is anticipated that track selection will be accomplished by
rotating a ganged array of these heads, head No, 62 was also tested for
the effect of rotation on read amplitude and spread. The results plotted in
Fig. 6 show that degradation of read signal does not occur until an angle
of 300 is exceeded. This test was also conducted at 250 bits per inch.

References

(1) "High Speed Random Access File", Technical Record dated 10-15-54,
J. J. Hagopian,

(2) "Proposed Program for Developmont of a High-Performance Magnetic
Disc Random Access Memory"”, Memo to R, B3, Johnson,
dated 2-11-55

(3) "“Investigations of Magoetic Recording', laternal report dated
6-30-54, L. H. Dixby, Jr,

4 ?



T FanbIlx

aseg MBI 991 PTIIN

A 98By NS WNUIWNY

203,113,108
: November 1, I

t 4

Q 4 Q
=1
o o We r P
C D P — 1 — _— /
\\ Y| / Buryeon mONu.m
8302g PIeTUS Supeon "€ % 5
sqoxg =]
? @
89087 PIoTS
Korremizag s8190®dg IPTHAW w100°
Pa1e[d I9ATIS 200"
¢
e wrgg ssEIg ,200:
nD2o”’
TIPTM 2qox]
oo P
ol 061

wZ00 * °18ulg son3
LoTrewmrzag ,200° X L —

DNITIODTY ¥VINDIONAITId
AvVaH J90dd aITTHAIHS DNITEODHYE TVYNIONLIONOT
avIH V1ITIA



R

Code: 203,113,108
Date; November 1, 1956
Page: 5

Figure 2A
Unshielded Probe Head #57
150 rmna Record Current

10 microseconds/cm, 5 mv. fcm
Spread: 0, 018" (at 20% level)

Figure 2B

Ferrite Probe Head
Same test conditions

Figure 2C

Shielded Probe Head #62
Same test conditions
Spread: 0.007'" {(at base)
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Shielded Probe Head #62
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Shielded Probe Head #62
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Read Signals from Tracks . 025" Apart
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Figure 5B

Read Signals from Tracks .010'" Apart
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APPENDIX A
ield Pattern of Stationary Head

An early model of a perpendicular head having shield faces with
closed magnetic paths is shown in figure 7. An approximate flux plot of
the magnetic field of this perpendicular is plotted in figure 8. The flux

plot was made as follows:

(1) A first approximation of the reluctance of the head was cal-
culated. Extrapolated values of the permeability for 360 kc/s
were used for the magnetic materials.

(2) This reluctance value was used to establish trial values of
magnetic potential along the center line of the core in the gap,
across the oxide, and through the return path.

(3) The magnetic equipotential lines were adjusted by the method
of curvelinear squares, 1

The flux plots were required to satisfy the following boundary con-
ditions:

o o {A. 1)
1 (nxBY = 1 (nxB"

}ll }-1”

These quantities are defined in Stratton 2 for the transition between two
media designated by prime and double prime. For two-dimensional problems,
the ratio of the length to width of the curvelinear rectangles is:

L L
Y e ’li + 1 = 1()1
; - L
©j ¢'J + 1
The distance along a flux line @ or a magnetic potential line U are desig~

L (A.2)

nated by L¢) and L}l The permecability of the medium divided by the

vacuum permeability is defined as ¥ The constant, k = 1, in this analysis,

I E. Weber. Electromagnetic Fields  Vol. (1950) pp 201-204

2 J. A, Stratton Electromagnetic Theory (1941}, Section 1,13
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At saturation, such as in the oxide layer near the center line of figure

8, a value of p = 2 is assumed. The relationship between B, I, and
M is given by:{}l = 1+ (M/H) (A, 3a)
B =po (HM) -pypo H (A, 3Db)

Substitution p =2 in (A, 3a) above gives in the oxide:
2=1+4+(M/H) or H=M
Substitution in (A. 3b) gives B =2 Yo '—}J{, (A, 4)

It has been assumed that the magnetizing forc e H, and the magnetization_ﬁ

are in the same direction. The free space magnetic permeability is yo =

477 x 10-7 henries
meter

If the static head in figure 8 is removed from the oxide disk, a frac-
tion of the field due to the ampere turns on the head is taken away. In
this case where we assumed p = 2 in the oxide, half the field is

removed, leaving

B 1 = Mo 'X/L—l in the oxide, and {A.D)
B! - Ho H ~ in the air above the oxide. (A,6)
e —_— —1
At the surface the normal components of B arc equal making M = H

where ﬁl = H, the magnetizing force in ampere-turns per meter in the
oxide from the flux plot of figure 8.

Using equation (A.4) and (A.5) and M '~ ¥ since the removal
of the head is assumed to 1i)e done without changing the magnetization in the
oxide, gives: M = B/2p,. {A. T
This reduction of B by a factor of two from figure 8 to figure 9 is ac-
complished by increasing the thickness of the slice which the flux plot
represents by a factor of #2  and by increasing the separation of the
flux lines by a factor of#2, Each tube of flux is still 3.8 x 107% Maxwells,

Recorded information is read from the voltage induced in the head

by cutting the flux of this field, The value of this flux is taken graphically
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from figure 8 and is plotted in figure 9, For the plane ,0005" above the
surface; the sensitivity curve is replotted in figure 10 for several values of
magnetizing current on writing. The curves of figure 10 are interpolated
linearly on the assumption that the magnetic field intensity does not reach
saturation in the oxide layer, which is not strictly correct. The accuracy

of the flux plot depends upon:

1. The degree of correctness of the boundary conditions. In this
case the terminating boundary values of magnetic potential were based
on trial calculations of reluctance,

2. The accuracy of the assumed values of magnetic permeability
in the core, oxide, shield, and iron disk.

3. The degree to which the flux plot satisfies.
Laplace's equation:

v %u = o, (A.8)
where U i8 the magnetic potential or m.m.f, in ampere ~turns,

4, The extent to which the relative permeability, u calculated
from equation (A.Z2) for a region of the flux plot agrees with the assumed
values of y.

The flux plot made by a freehand drawing in of curvelinear rectangles,
can be checked for condition (3) by use of the basic formula from the relaxation

method.* Two points in the flux plot of figure 8 are checked by the formula:

% Error = Uy + Us + Uz +Uyg - U, x 100
4U,

{A.9)

E. Weber. Electromagnetic Fields Vol. I (1950) pp.259-270
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Parts A and B in the flux plot of figure 8 are checked by use of equation
(A.9) and are found to have errors of 0.07% and 2. 3% respectively.

Points C, D, E, and F in the flux plot are checked by condition 4, i.e.,
the relative permeability is checked from the flux plot by use of equation
(A.2) with k = 1, The results are tabulated below:

Point Calculated p Assumed p
C 164 200
D 18,4 6
E 5.1 6
F 1 1

Examination of the above table shows that the plot is reasonably consistent
except in the region around D, where further adjustments should be made.

In Figure 11, a longitudinal magnetic recording head is compared
with a perpendicular head by use of the flux plot of figure 8 and a flux plot
made by L, H, Bixby.*™* This comparison is made for a writing density of
120 bits per inch. In this range of bit density the perpendicular head has
thirty per cent of the flux in the oxide compared to three per cent for the
longitudinal head. The perpendicular head also has the advantage of lower
inductance., When higher bit densities are required, the perpendicular head
eventually reaches a limiting density above which longitudinal heads would
be required. This change~over point would be at the limit on the minimum
thickness of the core of the perpendicualr head, because it is possible to make
smaller gaps than cores, and the saturation density of the core material re~
duces the total flux as the core thickness is decreased.

E. Weber, Electromagnetic Fields Vol. I (1950) pp.259-270
L. H, Bixby "Investigations of Magnetic Recording' 6-30-54 papge 9
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LONGITUDINAL PERPENDICULAR
Recording Head: Delta Type #18
h 1 - 1 . 4

Reference Flux Plot:

Number of lMnes through
oxide layer:

Number of lines through
air gap and returnpath:
Parcentage of lines through
useful region of oxide

storage layer:

Detail of structure at
recording gap:

Approximate equivalent
clrcuit:

Principal Oxide Layer:

£ 1
R. z......... {henry %)
. pA
Approximate reluctance valvos:

Core area:

(R Core

Series air gap
Shunt air gap
Oxide

& Total

Saturation flux: @ - BA

Us ol 2 oR
fdr-saturation of core (oxide
nlre'ady saturated)

turng, n
current, i
reference density
{bite per inch})
frequency
surface velocity

Inductance, L g ,,_,_“2

Reactance X -go L
g 2€7L . 2,26 x 100

L. H. Bixby, Jr.

N[nvestigation of Magnetic

Recording 6/30/54 (un~

published notes) page 9,
figure 7,

202

3%

24 x 108 ;2
{. 020" x . 0201)
19. 5 x 108

156 x 108

180 x 108

0,6 x24x10°8 _ 14, 41078
webere

b, 4% 1078 5 180 x 106 . 26
amp=-turns

250
0, 100 amp

120 NRZ]
180 ke {1,1,1,1,1)
L. 5 mil I’u aec

250% = 350 x 10-5henries
180 x 10°

2,26 x 350 - 790 ohma

Appendix A of this report
Figure 8
16
7

16

2.4 x 108 2
{. 002" x . 020"}
27 x 100
520 x 10
841 x 106
450 x 10

1190 x 106

1.44 x 108
webors

1,44 x 108 x 1190 x 106 « 17
amp-{urns

175
0. 100 amp

120 NRZI
180 ke (3,1,1,1,1)
1,5 mil /p mec

1752

Wloﬁ s 26x 10-6110111'1&3
x

2,26 x 26 - 59 ochme

IGURE 11 -~ COMPARISON OF LONGITUDINAL AND PERPENDICULAR HEADS
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APPENDIX B

Estimate of Magnetization levels and reading Voltage

Permeability of Materials

The permeability of the 4-7% Mo -permalloy used in the core and shields

has been estimated as 3000 by extrapolating from the manufacturers' curves

for initial permeability for a frequency of 360 kc/s.

Two hysteresis curves are plotted in figure 12 for the oxide, The solid
curve is for Minnesota Mining & Manufacturing Co. oxide tape type BQ. The dashed
curve is for red Fe,04 powder supplies by C, K. Williamms Co. and has been

estimated from the values of B r and H, .

A straight line approximation to the hysteresis curve for red FE‘.203 is
given in figure 13, This straight line approximation to the hysteresis curve
causes a serious distortion of the calculated magnetization levels due to the
inaccurate slope at H = O. However, the inaccurate hysteresis curve was used

to simplify the approximate calculation of the magnetization levels.

Writing Magnetization Pattern

The results of a sample calculation of the reluctance of the perpendicular
head of figure 7, using the permeabilities indicated in figure 8, are tabulated

in figure 11. A trial calculation of the reluctance was made first, followed by

* Arnold Engincering Company Bulletin TC -101A, March 1953, Figure 8 and 11,
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a trial flux plot based on it. Then a second reluctance calculation was made which
was then followed by an adjustment of the flux plot by the method of curvelinear
rectangles illustrated in figure 8. The resultant magnetization pattern in the
oxide at a reversal of current in the writing coil is developed graphically point
by point in figure 13 as illustrated in {igure 14. The mmi{ distrubution through
the oxide near the head was taken {from figure 10, except that the return flux for
¥ «=<.003" as neglected. The time is shown on the accompanying hysteresis curve.
A surface velocity of 1.5 mils per miscrosecond was assumed. The process of
magnetization of a particular point in the track is illustrated in figure 14 for the
point,Q: -0, 00075" of figure 13. This is the point .00075" behind the centerline
of the recording head at the time the current starts to change. The curve A and B
of figure 13 are for the straigiit line approximation to the oxide hysteresis curve
and for the rounded curves respectively. Each point of these curves was traced
out graphically from the H (f) curves on the right portion of figure 13 as pro-
jected on the hysteresis curves on the left side, Resultant values of B Z’JOV are
read off of the hysteresis curve and are replotted on the right side of figure 13.
The circled numbers on the hysteresis curve in figure 13 correspond to the time
scale of figure 14, Current reversal time of cne microsecond was used, The

magnetization versus position along the track is compared for two cases in figure 15,

The curve 'neglecting return flux’ is copied {rom figure 13 case A.
The curve "with residual flux" was constructed in a similar manner, but with the
complete return flux pattern of figure 10 utilized. For case A the length of one
magnetization reversal is: AL A = .0014". 7The undistorted potential writing
bit density is: D = 1 ABA = 1/7.0014" = 700 bits/inch, Curve C yields a

potential writing density of: = L/.0075" = 400 bits/inch,
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Since the approximate hysteresis curve of figure 13 has too high
a slope at H-C, the potentiul writing density should be higher than 400

bpi, even with a concentrated return flaw,

Reading Waveform

The real significance of the writing density will not be apparent
until the effect upon reading waveforms is estimated. To calculate the

reading voltage at the head from:

v - _ 4 (B.1)
at

it is necessary to calculate the effective mmif as a function of time hy
use of the M(x) curve of {igure 15, the reciprocity theorem3*, the H (1)
curve of the head of figure 10, the hysteresis curve of the core, and
the reluctance of the rest of the magnetic circuit. If the above inform-
ation is available giving a ¢(t) in the head core, then the reading volt-
age can be obtained by differentiating » (t}.

Reciprocity Relation

Using the reciprocity relation in the form used by Hoagland, *
and defining a sensitivity function:

hy () _?HHM (B.2)
¢
from figure 10, the flux in the core of the head is approximately:
t oo
sty %) . K MY {x <x) hy {z) dx { B.3)
~ oo
The coordinates are defined in figure 16.

Here the horizontal components of the magnetization M are neglected:

d ¢ {x) (amp-t) = LM {x-%) {amp-t) h {(x} dx (in)

R (=) v (in}

The mmft in the head disk magnetic circuit is obtained by integrating:

+00
¢ (x) - [M (% -x)
J R

Ny

i) dae ( B.4)

*s

L.

A, L, Hoagland "Magnetic Recording-iiend Desien for Disk Storage /24754,

. - ' = B I S SN, s - - -4 M - ;
Brillomin "Magnetic Recording Theory of the Recording Head' 11722/ 49, op, |

02.001.48,

202,111,066, i
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M(x) = M(xR) L (amp-t) (B.5)
L= thickness of oxide layer { in)

w = unit width { in )

K= 1R w

For reading, assume R, (X) is a constant to get a first approximation. This
is reasonable for the core of this head because the flux is below saturation
on reading. However, this neglects the variation of JJ (£) in the oxide coat-
ing, which may have to be considered in better approximations. Noting that
the K in equation (3) is reciprocal reluctance per unit width:

T o0

6o (X) = .%;.. My (x7%) by (x) dx, (B.6)

hY (x) from figure 10, My = Br/}lo from figure 13,

é (32) _ 1 +00
2 ® (henry —l)fMy (x.';aEaﬂ“_t]hy (x) dx (mil)
oo mil

webers
for x, X, in mils where =w =1 (mil)
By 2 .
M = - .155 {weber/meter®) 2.54 (cm/in) - 3130
po 4 x 10-7 (henries/meter) 102 (cm/meter) (amp-t/in)

The maximum M in figures 13 and 14 is 3,13 (amp=t/mil.)

This is 2. 02 (amp-turn/mil) of M per 1 {(kilogauss of } Br.

Referring to figure 11 for the total reluctance R = 1190 x 106 (henry ~ 1) and
' = 2R =2.37 x 109 (henry - 1).

Noting that hy (x) = o for {x) Z_.003" permits cutting off the limits of inte-

gration where w = 2a (mils)

2 ‘_amp-—tﬂ
6 (x) = /+_«£ (mils)

(webers) _/ My {;c-_}?)_ mil hy (x}) dx (mil) ¢ B.7)
S ®R.' (henry™%) 2a (mil)
The indued voltage is: e; = n 98 = n d¢_

dt v Tax (B.8)

This requires integration with respect to x and differentiation with respect toX.

Numerical Integration

Changing equation (7) from an integral to a sum gives:

iz+n ) My (550 hy (DA X
e R ] R (ni 1) A X

x1 = x 1in center of interval A X;

(B.9)
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For computation, terms can be rearranged:
‘ i = =n
6 & = __ L
Znt+t ) R E My (xij=x) hy (xj)
I = =n

=

thickness of oxide layer {mils)

Q{l = reluctance of complete path (henry"l)
MY = magnetization (amp-t/mil)
h{x) = gain function ({(dimensionless)
é (%) = magnetic flux (wehbers)

A sample calculation is shown in figure 17.

In figure 18, ¢ R is plotted against x {(mils) andt (p sec }. A velocity
of 1.5 (mil/ yu sec) is assumed, which corresponds to an outer track of a
RAM disk. For an inner tracky = 0.75 (mils/ p seq.

Taking the derivative of $ R gives the theoretical reading voltage
curve. This gives a peak voltage of 0. 192 volts at the outer track or 0.096
volts at the inner track. This procedure of calculating the reading voltage
sets up a system for calculating the effect of charging parameters in mag-
netic head design.

The demagnetization effect described by Westmizje * has not been
calculated in this example. For more accurate analysis the demagnetization
effect should be investigated.

* W, K., Westmijze “Studies on Magnetic Recording's (1953},
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0.4+ 4000 ¢
B, = 2000 red Fe,0,
0‘3 A 3000 % HC = 2850 C. K- Wf’/’qn’ls

2<p <0 { /RN =110

N v
2 : — =
2 > | - /P oo
A wele
\5 0.2 0 7 Br / fo)
St/ [ v
@ " 1000 q/ QM" ?0&
/ #ﬂm 5REA
| 60 010!8
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4 t | 03
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- 2000 4”7 H amp ere—turns /meter

FIGURE 12 -~ APROXIMATE HYSTERESIS CURYES FOR OXIDE
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