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ABSTRACT. Tho basic requirementa and role of storage section in all Information

P ing Syatem is explained with o nglul data recording and reproduction on
apd from magnetio drum wurfuce. A p s ical and imental investi-
gation panicd by physinal interp ions of the process of digital dma recording and

roproduction on and from forromugnetio layer surface of Magnetio Drum Memory is presented.
The associated boundary value problem lias been golved to find the distribution of the fringing
field in the forromagnetio layer and anslytic oxpressions for the output of a write.read aystem
is pmnwd in terme of the basic systeyn parameters. As a reault of tho investigations basic

for achieving high resolulion pulse ding on & magnotie surfuce are shown
to be high ivity, low p bility, reot: tar B-H loop h istics, thin costing,
optimum recording current and an optimum pole face iguration for having

A

flux gradient on tho surface for s particular head-v and coting thick

INTRODUCTION

Tho basic requirementa of a storage device or memory system of any of the
Information Processing System (IPS) are as follows :-

s) Physical stability of the stored data, so that the information can be
retained for an oxtended period, if desired.

b) Combination of both physical properties of nonvolatility and alterability.

¢) Total capacity of the device to hold binary information should be high
enough,

d) “Access time” or maximum waiting time for reading from or writing on
to a desired acdress location should be as small a8 possible.

Using well-known physical principles involved in audio-recording on mag-
netic surfnces, Digital Information Storage Systems are built (Bigelow, 1848;
Booth, 1849; Dutta Majumdar, 1958; Dutta Majumdar, 1081) which satisfies all
the above requirsmenta.

In the system under investigation binary information are recorded on a
magnotizable surface coated on a rotating nonmagnetio metallie oylinder known

88 “Magnetio Drum Memory"”.
2

87



68 Duwijesh Dutta Majumdar

Pulse recording on magnetic drum surface has attained a unique position,
in the field of digital data storage, because hoth the basic requirements of a binary
memory, ability to record two states of a binary digit, and to consult the stored data
ab anytimo are sutlnﬁed in thla type with simplicity and economy. Theoretical
and experimental i on opti design of magnetic drum stores,
for serial, serial parallel, or pumllel type of digital computers were undertaken by
the present author, several-aspects of which were published in different technical
journals (Dutta Majumdar, 1068, 1959, 1961, 1962), In this paper the mathematics
and physics involved in the process of pulse recorling and reproduction on and
from o moving magnetio surface with the help of a magnetic head is studied. Field
configuration in and around the gap of the magnetic head is deduced, computed
numerically and plotted, which gives a qualitative insight into the problem of
head design. Calculation of the magnetic field in the ferromagnetic layer of the
drum in certain cases is presented following a method similar to that of (Karlqvist,
1954), from whioh variation of the field components with permeability, layer
thickness, airgap and other factors involved in the process are studied briefly.
Linear boundary value problem for the two-di ional static field and the one-
dimensional transient field has been studied. Pulse frequency has been assumed
low enough to neglect eddy current losses in the head and layer that are made
of spine) material. The resulta of some experimental investigations, carried out
with a practical magnetic drum storage system, designed und built here, providing
reasonable balance between conflicting requirements of access time, storage
capacity, reliability, size and cost, are presented and analysed.

Physics involved in the process of magnetic recording in general is rather
complicated by the facts that, the particles subjected to the recording field are not
of uniform sizes, and the variation of the amplitude of the applied field are different
at different depths thereby causing variations in the associated magnetic proper-
ties, and once the signal is recorded an interaction ocours between places of
different magnetization giving rise to a demagnetization field, and an intricated
interdependence of all these and many other p t But in saturation Lype
pulse recordling the errors involved in the simplifying assumptions made in theo-
retical deductions are less important, and experimenta! studies on variation of
diferent parameters involved can be marde with sufficient acouracy. The present
study involving comprehensive theoretical and experimental investigations has
provided us & guide to the design of record/reproduce head, and optimization of
the whole system for high density storage of digital dats. The details of the
experimental investigation could not be given here to reduce the size of the paper,
only the salient fentures have been p d

Principles of magnetio data recording and reproducki

In digjtal computers, binary system of notation, where every digit is sither
a'"0" or & “1”, is invariably used. And this in magnetio dsta recording storage




A Study on Recording ani Reproduction, efc. 69

meana that the magnetic material on the surface is either saturated in a positive
or in a negative sense, or completely gnetized. Depeniing upon this basio
fact severnl methods of recoriling digits are possible, Return to Zero (R—2),
Non-Return to Zerv (N—R—2Z). phase malulation methwls ete. N—R—-2
method enables o much higher pulse packing cdensity than the other methods
maintaining tho same degree of relinhility. N—R—2Z method ie being used in
the system under investigation.

When the individual writing current pulscs are spread out in time or distance,
80 that they occupy a full bit cell the recording method is calledl 8 N—R--2Z
metho. Pulses loose their individuality, and the writing current waveform does
not return to zero hetween successive 1’s or successive 0, Instead, the moving

gnetic surface, is conti ly magnetized to saturation in one direction or
the other with the directiun of magnctization heing reversed, when a "1
follows a ‘0", or when & “0” follows a “1”. The playback signal using a

(8) ] | l o

(b)

Fig. 1. (a) Binary ourrent waveform for N. R. Z. Method of recording (5) Actusl p.b. signal,
{c) Ideal p.b. signal.

conventional type of head is approximately proportional to the rate of change of
flux on the surface. The actual playback signal is shown in fig ((Ib). But in
ideal case when reading a flux pattern as shown in fig. (1a), the output should be
a series of narrow pulses as shown in fig. (lc) correaponding to the flux changes.
The original information is extracted from the presence or absence of these pulses.
The widening of the output pulses as explained above senously limits the pulse
packing density because the flux changes must be separated sufficiently so that the
pulses do not interact.

Magnelic model for wrile read procss using saluralion lype recording.

The process consists in (1) switching of the statp of magnetization of the
ferromagnetic surface (Write Process),

(2) self demagnetization of the recorded signal,

(3) playback of the recorded signal (Rend process).
The necessary aapects of the problem are to determine the magnetization of the
ferromagnetic surface before and after the process of self demagnetization.
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Attenuation factors for simusoidal treatments has been developed and reported
in the literature (Wallace, 1951; Begun, 1949; Westmijze, 18563). Now the mag-
netio model that explains a—c magnetization can be applied with suitable
simplifying assumptions, and the recorded pulse magnetization developed in the
form of & harmonic series.
The model that explains a—o magnetization is rather simple. In a particle
o number of magnetio states are possibie, each of which corresponds to a minimum
of potential energy and is separated from other minime by potential barriers.
Another simplifying assumption that can be made is that thess barriers are of
equal height. With the application of the magnetic field, the potential energy
of those states will be diminished where the direction of the field is more in accord
with the direction of the magnetizati Hence the potential barriers will de.
orease on the one side and will increase on the other side of the potential minimum.
For a cerfain value of the applied feld strength the first harriers will have dis-
appeared and the magnetization will jump to a state with lower energy. Since
all the barriers were aupposed to be of equal height they will be crossed at the
eame field gth and theref turation will be obtained. R 1 of the
field effects the saturation in the opposite direction. For an a-c fleld of sufficient
strength the magnetization will alternate between two directions, Now in the
provess of saturation type digital recording applied magnetic field, of sufficient
amplitude to saturate the fe gnetio surface (switohes) its direction
of magnetization aa steeply as possible, when a "'1” follows & “'0” or vice-versa.
8o such o magnetization if developed in the form of & hormonio series, and the
ttenuation factors developed for minusoidal treatmenta referred earlier, can be
applied term by term to the total available flux to give the flux passing through
the read coll, and by differentistion, the resultant head output valtage is obtained.

Field configuration in and around the gap of the magnsiio head.

Before proceeding with the difficult problem of determining the ultimate
gnetization of the element on the magnetizable surface in front of the record/
read head, we intend to determine the nature of the field configuration in and
aronnd the gap. From this investigation we shall be in a position to approxi-
mate a potential distribution between the corners of the recording head. The
problem has beon tackled by Booth and Westmijze. It -has béen solved in a
somewhat different method and is preesnted here.

At the outaet it is aseumed that the permeability 4 of the head is infinity and
that of the layer material s unity,

We approximate s practical head (Fig. 2) such that its left pole pieco
is bounded by the plane y=0 from w=—z to 2= 2, and by
othe plane z = —Ij2. The right pole piece is symmetrical with respeot
to the plane x=0. This is the oass of semi-infinite gap and bears closs
reasmblanco to praaticsl heads, but the caloulations are rather diffioult to sarry
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out. The other two models, that of infinite gap and thin gap, also treated by
Westmijze, are not of much practical use, and so will not be dealt with here.

y

—

Fig. 2. An approximate prastioal magnetio head (semi infinite gap).
Looking normal to the gap surface, the gap is infinitely extended in the —uve dircc-
tion (fig. 2). The assumption that  of the head material is infinite can be easily
approximated as the permeability of the head materials ranges from 10,000 to
100,000 (radiometal, mumetal, permalloy, etc.) and they are not used near the
saturation region. The pole surface may then be said to represent a set of magnetio
equipotentiala.

Supposing there is an one turn coil in the head, and & current Iis passed through
it, then there will be a magnetic potential difference I between the pole pieces.
So the potential function ¥(z,#) has to satisfy the boundary condition ¥ = I{2
and —IJ2, respectively for the two pole pieces. It is clear from the symmetry
that P(z,y) =0 at z=0. We shall apply Schwarz-Christoffel transformation
in solving this problems, and then shall numerically compute the equipotential
profiles and the lines of forces, (The computation was done in the electronic
computer HEC2M).

Equipolential profiles and lines of forces.
We now picture the head on the positive side of the axis in the Z.plfne with
magnetic pole potentials, ¢ = +1/2 = 47V.

Application of the Schwarz-Christoffel Transformation gives us the equation
from which the transformation of the contour ABCDEF in Z-plane into the
W-plane is found. Let length of the head gap to be 2a.

then 0 = 14 = ﬂ' R =.{. y+k
Let ¢ =02t B and E.
From Fig. 3(n) and 3(b)

dz-— — —_—

= ACED—0)—1)i

=4 («f_“cl ) w 1)
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Fig. 3. (a) Z-plans, (b) t-plane
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(a)
Fig. 4. (a) W-plane, (b) i~plans
From Fig. 4(a) and (b)
aw _ o0 ;-1 g1 =B
T = B =
. W =Blogt+C.

At E =1, W=7V, =~ C=V.
At Bit=-1, W=-VF
B=32
[
We take W= 2‘% log t+7.

8V
== log t+V

Since thia satisfies the conditions
£=0, (along real axis), Y—»c0.
toto” TV Y)Y
From equation (1)

3=4[¥" L app

- @

]
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which on integration yields
Z=A( t'—l—cor‘l‘) +D

We have Z=+4a at i=+1,. D=a
and Z=—a atit==1, . —a=Afcos{—1)+a

mA=i%.

Now we have

(valid for 2—0)

_’_’('_' _1)
From equation (3) we'have {=¢ 2\V
This when expanded gives
¥y
f=—ie 20 "L iein ™
te [coa 3y + i8in Y4

Substituting the value of ¢ in equation (4),

Z= ?[Jm n$

—oor’{e% {icos

g
+
E

N3

<e

—

—
+
[

We take
fd [44
1 | 37 g0 TP 3V B\ _
o8 {c ngV + ié cos2_y}_0 iD.

This on solution leads to

14

0 = oos~! [‘7;-4(:7* +l) —c% {c v 4+ s!f’t +2 cos ’—'3}']

D=eor*[‘7§—\, (:Tf +1) v {}f +e“¥+sm’;,_?}‘]

3

- 4

. %)

]
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Now we take
Y
—i—e” afcos™ +isin™) = 4'—iB = Rew
l1—e A{cusy +tsm7} A'—iB' = Re¥
A'=Reos6 and B’ = Rsind.
L i d
T vr Ty 7
R=e¢ 20 {eV +e F +2cos_Vé-} L
and
T
e V gin i
tan  =— . . e ()
I+e V cos ’"ﬁ
The eyuation (3) can now be written us
Z =z+iy
9yl )
= 2{7[\/3 e—W—(o—m)] ta
n
2a . 2n
=" (4-C)+a+i(D-B)".
” n
where VReos 02 =4 and y/Rsin0)2 = 8.
Theraforo,
2= (4—Cyra
i . (10)
_op
y=""(D-B)
and,
= ] R
A= \/Rcos2 = \/ER(l—coso)
)

B=vhin §= /Rt |
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Substituting the value of tan  from equation {9), we have

1
o0l =

e"‘/'{-e'"”P cos’ ¢+2cos $

-t — VL
eV e—wlv+2 m"¢

.

0
nigd H AN P S SN Y Ry

é EQUIPOTENTIAL SURFACES & LINES
FORCES
COMPUTED FOR A CONVENTIONAL
TYPE MAGNETIC HEAD STRUCYURE
iatw)

$e oot Qouns
- oo (\-.um-m)

/’!- v
) A AAALARAAAAAA L,
4 A 4t
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S

Fig. 5.  Fquipotontial surfaces and lines of foross computed for o conventional typo magne-
tic hoad etructure.

$ =oonst, (equipotentials) ¥ =oconsb (lines of forces)
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Using equations (6), {7) (10), (11)-and (12), the sets of magnetic equipotential pro-
files and linea of forces are computed and plotted as shown in the Figure 5.

SOLUTION OF BOUNDARY VALUE PROBLEMTO
FIND DISTRIBUTION OF FRINGING FIELD
OF A SEMI.INFINITE POLE GAP IN
FERRO-MAGNETIC LAYER OF A

MAGNETIC DRUM

Though the problem is non-linear, the linear case gives a firat approximation,
which in some cases seeras to be satisfactory (Wallace, 1851; Karlqvist, 1954;
Booth, 1952). Linear boundary value problem for the two dimensional static
fleld and the one dimensional transient field has been solved and will be dealt with
here.

The notations for the physical parameters are :
4 = layer permeability, d = layer thickness, N = half the pole distance, b =
head.-to-layer distance, B, = induction in the pole gap measured in volt-seo per
8q. meter; By = p,V/N, V = magnetic potential of the head, g, =4nwx10~7
in MKS system.

The investig on the potential bet the corners of the head treated

with conformal mapping, shows that the magnetic potential distribution along
¥ =0 can be aafely assumed to be linear.

Thus
v=-V z<—N

v=V-zIJN —N>z>N . (13)
v=+4V z>N
So the boundary value problem reduces in finding the magnetic potential v(z, y)
in the region y > 0, —00 < 2 < 0, when the potential along y = 0 is prescribed.
The magnetizing veotor ia then,
=—@rad v(z, ) e (14)
The potential satisfies the equation,

8,9V 8 oV _, e (16)

=t Tyl oy
Wo assume 7, the layor permeability as constant, and we get tho Laplace’s equation:

- o, e
Av =0, where A_ﬂ+w . (16)
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usually the equation (15) is & pon-linear equation,

Boundary conditions :

We take v, = the potential above the layer (b—o),
w=" " "7 (o),
R O )

v‘ - » " below ” " (o+°)’
then boundary conditions along y = b and y = 6%-d (on the two sides of the layer)

ars,

oV, av,
Ras YRS . (17
5wy 17)
av, _av,

=T . (18)

Equations (15) and (18) are elliptic equations.
The non-stationary one-dimensional field can be computed from the equati

*H _ aH
a?——UI‘.“n 5 o (19)

o = conductivity of the layer, x = permeability of the layer and is assumed
constant.

Idealisaton of the problem.

The 18t approximation is to regard the drum surface as plane. The Drum
diameter i about 200 mm. and the gap is about .02 mm. The variation of the
head to layer distance due to the curvature of the drum surface is less than 109/,
for the interval 0 < z < 10N. The factor b/N is usually between 0.5 and 2.
The length of the Read/Record head is about 100 to 200 times that of the gap
width, end so for all practioal purposes, we can assume the head length as infinite.
The width of the head i also about 100 timea the gap width, and 8o our two dimen-
sional treatment of the problem will be satisfactory. The permeability of the head
is very high, and so the lines of force will leave the head surface nearly perpendi-
cularly. The magnetio potential of the head is therefore assumed constant and
is 4 Ve on the right half and — Ve on the left half of the head. How the pole
length influences the fleld in the layer was investigated by Booth (Booth, 1952);
here we shall study the potential between the corners of the -head,

The boundary value groblem.
We have to find out the potential v(z,y) from the solution of Laplace’s
equation, subjeot to the conditions,
V=0 when y=o w (20
V = f(z) when y.=.0 L
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Fourier’s Integral solution for this is

V=1Tda] eorfd) conaii-z)-aa .2

1
"

Following the same course as in Byerly (pp. 78—79),

We obtain
1 me,, 5
vz, y) = g sin "—:I[(/\) con” (A—z)—cos™ - (28)
A b (A—2)—cosyy
And when b =0 we deduce the formula,
¥ f dA
oz, y) = 7 _I.j (A) oyl - (24)

The field for 4 = a ia obtained from the equation (23) defined by the equation
(13), as:
cosh a{z+N)
2b
Hyfmb) = % log — — . (26)
n(z—N)
cosh 5
This i8 not of much practical use. We get the field for the case 4 = I from the
equation (24), which will be of great practical use, The field ia always computed
from equation (14). The field is given by the equations :

Hz,g)=-- E’: [um-l_N "y"‘ +tan1 =% y"] - 128)
B LN 4o s
H(z,y)= 27’Llog z’i&v—:;. . (20

In the above equations we have the field given explieitly as simple functions of
2y, and it is eaay to compute actual field. The approximation is satisfactory
upto y greater than 0.5N. The pole gap Reld intensity H, is estimated from s
magneto motive force reluctance relationship, where the reluctance of the head
core is piecewise caloulated. We have

s

o a.[Tﬁ—;] . (28)
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where R, = reluctance of the head core, R, = Reluctance of the head pole gap,

n, i8 the number of turns on the write coil and
T
R, _ An[ % i
2= g — 29
R, LAy .Z-f‘ /‘xA,.l )

g, = length of pole gap in the vrite vead head (cm.),

g; = average length of the rear gup (cm),
A,y = area of the pole gap (cm?), 4,, = area of the rear gap (cm?),

= initial permeahility of the head core material at the frequency of operation.
Ll

®* W
sx
T
7-0
'y el
A .
d di'n J
) \ FA
L2 Ho
Ho o ‘7“' o T
|
&
F,Al
"",.-. v w g

Fig. 8.  Fringing field components H;, Hy, and the gradient oai!‘ ,
£
The validity of the above equations was checked by Kostyshin and Roshon
({Kostyshin and Roshon 1959) with the help of a Hall-prube, the vertical com-
ponent of the fringing field of a magnetic recording head with a .001 inch pole

gap was mapped. The observed and calculated fields agreed to within 4%,
Equations (28) and (27) in terms of the above parameters can be written as

. 142 1- =
HBz,y)=— =0 Jtan-t| — 91 [4tan| & . (30)
4 2y %
0 [
. [
Hv(zry)= To ":_):!_g ([ ._);:)l 31)
G)+ -5

Maxitaum values of the fringing field components K, H,, and the gradient

ag—' at the point of inflection of the curve are shown in the Fig. 6.
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The point of inflexion of Hy and the max® value of H, are assumed to occur
at 2, = +4,/2, for all values of g

The analytical expressions for other two cases, x greater than'1 bt infinito layes
thickness and 4 greater than 1 and finite layer thickness can be deduced using
Fourier's transform method, but for all practical purposes expressions (26) and
(27) or (30) and (31) offer very good approximation. (We are using spinel
material of very low 4 as our ferromagnetic layer).

It is seen that at a distance greator than one tenth of the pole gap, the inten.
sity of the longitudinal (X) component is always greater than the vertical (¥)
component. For a typical recurding head at a distance equal to the pole gap
the intensities of the longituclinal (X) and the vertical (¥) field components may
be of the order of 1200 and 700 oersteds respoctively. The 1200 cersteds field is
sufficient to saturate any of the commonly used storage media in the longitudinal
directi M , b of the shearing of the loop (Began, 8. J.) in the
vertical direction due to ad | tization conditions, the 700 oersted

AXIAL DIRECTION (NcHES xn")

R

Direction of recording {inches X 10-3), Direotion of recording (inches X 10-3).
Fig. 7. Magnetic fleld strength norms!  Fig. 8. Didtribution of Magnetio field strength

to oxide recording media. normal to the recording media, signal array
oontinuous eories of “ones”, Isobars aro in
oeretads.

feld is insuffivient to saturate the medium in the vertical direction. So we take
it for granted that the magnetization is predominantly of longitudinal nature.
Thie statement was made by the author in a note presented to the Roorki Session
of the Indian Science Congress (Dutta Majumdar, 1958) and has been domonstrated
by Kostyshin and others {Kostyshin, Roshon ete., 1959) by mapping the fringing
fields of signals stored on oxide and on nickel cobalt plated surfaces with a Hall
probe and is reproduced here (Fig. 7 and 8). Before going into the more rigorous
harmonic analysis and other things, we would like to show how most of the engine-
ering design conditions ave derived from the eauations (26) and (27).

From (26) and (27) we can compute longitudinal aud vertical components of magne-
tio flux vectors in the media as follows (Fig. 9) ;
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Fig. 9. Graphical plots of equations 32, 33, and 34.

We have
B,
B —— [tan" X | tan NYX] )
PEH(N—X)
[ gY’+(1\I-}-){)2] - (33)
|B| = VB +By . (34)

COMPUTATION OF PLAYBACK VOLTAGE PULSE
FROM EQUATION (32)

Considering the idealised play back head to be a semi infinite block of high
permeability material with the flat face at a distance b ubove the recording sur-
face, the P. B. signal will be proportional to the rate of change of the X-compo-
nent of the flux.

Using the method of images, the value of the flux density in the head con be
shown to be the same a8 though the head filled all of spacc and the intensity of

magnetization in tho recording medium wers /_‘% times the value uctually
present.
So,

3B AN4X . N-X i
5= 2o [mn‘ tant o4 ] . (35)

If 8 in the thickness of the medium the total flux per unit width will be

#:=] By . (36)
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The output vultage will be proportional to the rate of change of ¢,; therefore,

_o%e_pds dps _ . d
ele) = CFE=C5 . E._ucd_zbj‘:,dy
T4
—9-C [ T By . 37
bysrz
_ By Fr oy oy
4@ = S+1) J’ . [y'+(N+z)*‘y’+(N—xJ=]"”'
a
= J0CBy | PN+
a(p+1) P (N—2)
LY
0 g
by 8 —
- mCBy  log M (38)
. .
n(p+1) (b+;_) +(N+a2) i

where C' = constant of proportionality and V = velocity of the surface. The
equation (38) if slightly modifed as:

WoCB (b+82— )t (N—s?
e ol v - @9

e(z) =

where ‘a’ is greater than ‘0" und is a recording constant which incorporates the
magnetic propoities of tho medivm. The above cxpression relutes the playbick
voltage ‘e’ from an ideal head with different physical parameters. These and
their graphical plots can be usod for design purpvses. If the value of a' i3
determined indirectly, the maximum pulse amplitude und thoe pulse width at o
cortain olipping level can be determined.

Demagnetisation curve of layer mate¥ial.

The portion of the hysteresis loop that lies in the second quadrant between
residual induotion, Br, and coercive force H,, is called demagnetization curve.
The quantities most used in evalnating the quality of materials are H,, By, and the
products H, B,, (BH)a, the Iatter being the maximum product of B and H for
points on the demngnetization ourve (-ve sign omitted). A given value of mag-
netic material will produce highest fleld in & given air space when the induction
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B in the material is that for which the energy product BH is & maximum (Evershed,
1058).

K4 wag
R
Fig. 10. (a) A by is loop, demagnetizati (&) hy is loop li dtoa
curve approxi dtoa gular hyperbola, parallelogram.

As an empirical mathematical relation the demagnetization curve can he
lated by a rectangular hyperbola (Bozorth, 1851) defined by three points
B,(H = 0), (B,, H,), —H,(B = 0) as shown in Fig. (10a)

The shape of the demagnetization curve between B, and H, is fixed by what is
often called the fullness factor, defined by

_ (BH),
Y—W o (40)

and the squarenoss factor, S, defined retentively by the ratio of . the B, to the asymp-
totic magnetization predicted by the hyperbola and is given by the equation

__m+h-1
8 = g o (41)
where
B, A,
m= % andh=— %,
'B' L]
8 is related to y by
§=1—(y—1p . (42)

Using the goneral expression for a rectangular hyperbols

(z—=o)ly—40) = C¢* . (43)
and making substitutions and simplifications, the seeond quadrant of the hys-
tereais loop is given by the equation :

_ B(1-B/H,)
B= T=S(H/H,) - )
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The reversible permeability sg, of tho storage mei idered constant
(Westmijze, 1053), is defined by the slope of the hyperbola at the point (0, B,),
where

py=1+tan @ o (45)

- B -
and tan 6 = H—,(l 8) e (46)

8o it is seen that the reversible permeability 4,, is dependent on the squarness
fuotor 8. The slope of the hyperbola at the point (H,, 0) ie given by the equation :

= B, ( 1
tan a—T. ITAS') o (47)

Write process :  For the write process only, we linearize tho entire hysteresis
loop to a parallelogram (fig. 10b), then the field intensities at the beginning and
at the end are given by the equations :

_ & .y ,
B= g5 By v

From the mathematical and physical analysis earlier we assumed the magneti-
zation of the as predominantly Jongitedinal. In the mechanics of NRZ

ding, the longitudinal ponent of magnetization may be represented by
a trapozoid. The transition length of magnetization (Fig. 11) is equal to the
average dynamic transition length by with a lower limit imposed by the static
transition length b,.

N

Mo Py omanoma rio
| o {otaLmeo)

Fig. !11. Longitudinal oomponent .approximated to & trapezoid

The static transition length b, ia determined by the shape of the hystercsis
loop of the layer material and the pattern of the fringing field at the pole gap.
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And the dynamic transition length is determined by the time constants of the write
circuitry, tho relative velocity of the head and storage medium, and the reluc.
tance of the head core.

SI0MGE
-l
r—an /
o s L] CICY . |

»

Fig. 12. A typical signal array whers & ion of ones ars sep d by p and o ‘bit
leangths.

For the typical signal array (Fig. 12} where a succession of ones are separated by
p and g bit length, the resultant magnetization is described hy the Fourier Series
(Kostyshin, 1961) :*

nnb
(2] sin —(——
B=) B, P9 i sin M _ ,_.("+q)k°. 08 2nnz . (49
; ° p+q+ am e nb (p+9)K, )
P (p+9)K,

Tho corresponding harnionic wave length and the equivalent harmonic frequency
are defined by the equations :

/\”=(P+31)Ko e (50)
o= v ... (B1)

(p+9)K,
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Self Demagnelisalion of tha recorded signal.

As soon a8 the recording head is removed from the vicinity of the recorded
cell, the boundary conditions change r g in a demagnetizing field Hy and
& quiscent magnetization B;. During reading operation, the boundary conditions
similar to those of Write process are re-established, and ideally at least the de-
magnetizing field is reduced to zero, and the resulting magnetization B, (the
initial mognetization considered for the Read process) is slightly lower than the
retentivity of the storage medium. This is due to the nonlinear character uf the
hysteris loop and the constinoy of the reversiblo permeability of the medium.

' B
=

Hq8y

i

-Heo

Fig. 13. Demagnetization ourve.

It is a standard practice to define a demagnetization factor (Westmij
1953) a8

Dy =tany=— ;L: o (52)

B, is then determined by the vajues of H, and B, and by the angle defined by the
reversible permeability of the storage medium as shown in Fig, 13 (Bozorth, 1851)

Assuming the magnetization to be constant throughout the depth the average
demagnetization factor is defined by the equation :

bi+d
[ Dady
b= )
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b, = head to storage medium distance during write process and d = layer thickness.
D, is detormined from nn expreasion for Hy and By similar to that given by West-
mijze (Westmijze, 1053) which need not be treatetl here.

The resultant Initisl harmonic magnetization after self-demngnetization is
given by the equation (Kostyshvn. 1061):

B,=H,{| ‘il_iﬁt‘-“] 145

Z ] "H
(1+D,IBT:) (z 4S+D,.H)]} (54

Process of play back :

The next problem ubviously is to determine the total quantity of
fringing flux of the stored bit in the cell that passes through the read
coil when there is a reading operation. Westmijze (Westmijze, 1933) has dos-
cribed the loss term, assuming of course the heard permeability as infinity and a
non-zero head to layer spacing due to physical dimensions of the head to medium
gap, the thickness of the medium and the reversible permeability of the medium,
Total Aux through the head coil can thus be determined which on differentintion
gives the output voltage of the read coil. By considering an equivilent read cir-
cuit, the loading effect of the amplifier, the line and the struy capacitance of the
read coil can be taken nccount of. Following the above lugic, the expressivn
for the head output voltage, for the signal array described by equation (49), is
given by the equation :

E,=% X7, 4N, i
0 ,.)Ex " nCanLan{ 2 +qu1
sin {2481} 1074 vol, .. (55)
An 2
where,

X, = 1 R, = reluctance of the head core ... {56)

£y

B

Rg, = reluctance of the head pole gap
h
A

.67
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1 nd

tanh— 1+ = tanh =

1 Ay + o8 " 2A,
Con=— . .. (68)

by nd[ 1 ab
osh ) 1+ tanh T4 tana /\;[l-‘-.+p,tnnh zT..]

sin’ﬂ’
E, = "b"“, e (59)
I
L, =—1
+_ . (60)

N, =No. of turns on read coil.

W = width of the head at pole tips (cm.).

V = relative velocity of head and storage medium (cm. per Sec.).

Z, = Load impedance of tho rcad aetwork (ohm),

2, = equivalent impedance of the read head (ohm).

The reluctance ratio Ry/R,, is given in equation (20), from which X, is known and

the expression for B, is given by equation (54). The above equations can be
rogrnmmod for any Electronic Computer and can be npplied to various hewl-

g media and it is possible to study on an analytic basis the offect
of varying single parameters of a uymm

9

The case of one dimensional transient field.

In the ferromagnetic layer of a DRUM MEMORY switching the state of
magnetization of the specified region on the memory drum surface is accomplished
by reversing the direction of an electric carrent in the write coil of the magnetic
recording head. In order to study the transient field associated with this pheno-
mena, it can be assumed that a polarised electra-magnetic wave with the compo-
nents H, and E, comes perpendicular to the ferromagnetio layer.

The electro-magnetic field must satisfy the Maxwell's fundamental equations,
and 6o the corresponding differential equation can be derived from them.

We assume p = permenbility of the layer
K = constant
o = conduotivity of the layer (1/ohm—meter).
Fo=4710~" in MKS system = 1.257 X 10~# (henry/meter)
= eleatrio intensity (volts/meter)
B = magnetic Induction (woher/mem)
D = eleotrio displ t (ool tert)

\ !
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H = magnetic intensity (amperes/meter)
J = current, density (amperes/meter?)
p = charge donsity (coloumbs/metert)

Maxwells’ Equations are :

aB
AxE= -5 AB=0
. (8

AxH=J+ %’ A-D=p
In a homogeneous isotropic medium we have the additional relations

D=KE, B=yH, and J=0E.
From the above relations we have,

AXE:I‘%_I:! - (62)
AxH =0k
We have H,=H,=0, and E,=E, =0,
i j K
SRR
H, 0 0

% R
And
i j K
a i 8
AXE=| 3z oy @
0 0 E
=,'3E'_j‘7_E'
By oz
08, _
but —a?—ﬂ,
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and 3E, _ , o8,

Wt
Thexrefore,
a*H, 9E, 0H,
Wy T

*H, OH,
P =a',u;4|,T - (63)
The non-stationary one di jonal fleld can be computed from equation (83)

which is a parabolic differential equation and will be solved using Laplace’s trans-
forms.

The equation (63) is to be solved for infinite layer and for finite layer.

Infinite layer : The wave is applied suddenly at { =0, and the air gap b
is assumed to be zero. The initial value problem is :

Hiy = Hy, Hiay =0, Hiyy=0.

(X —coordinate has been replaced by y)
[ Laplace transform f(p) of the function F(t) is defined by

-
Jp) = [ e PRt
Then the Laplace transform of the equation (63) can be written as
h= % el | Bt=oup,

is

Hy, = H,erfo. , % - (64)

is defined by the equation
B

2
efs=l-efez=—= | e~"d.
=1

T
Pinile layer thickness : While considering this case we have to assume that
the Z-component of eleotrie intensity, 5,, is continuous on the other side of the
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Inyer, that is, at tho point y = d, then if o, and ¢, represent conductivities of
the layer material and drum—material respectively

. . oH
Lin . o, gg =le.013—y .

y—>d—0 y—-d+0
The conductivity of the ferromagnetic layer material o, cun be considered as zero
in compavison with that of the drum material (usually brass).

We have the Laplace transform

_ oy emumdkyy
* coth Kd/p
and the corresponding time finction is,
Han = 2Hy 5 (1) erfe [(2n+l)d~/_a%] .. (65)
n=0
H
He
N
* N
ok
07 4 " 1 P

- doforee

END

Fig. 14, Magnetiv field in transient case.

From these two cases one can compute the transient time of the layer materinl,
and their dependence on o, , and d.

EXPERIMENTAL INVESTIGATION

In order to carry out a thorough investigation on the problems and limita.
tions associated with arriving at a wholly rational design of a magnetic drum
store, an experimental magnetic drum unit was designal, constructed, coatod,
and finished by ourselves in our Laboratory. The engineering desoription, the
drum conting technique, and its digital data recording and reproduction teohniquos
were described earlier (Dutta Majumdar, 1961).

5
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For experimental purposes, factors that affect pulse resolution shuuld he
broadly classified as (a) frequency depéndent fuctors and (b) wavelength depen.
dent factors. Frequenoy dependent factora in pulse recording are (1) recartling
ourrent and flux rise time, (2) frequency response of the amplifiers, (3) frequency
response of the magnetic heads. It is obvious that the frequency dependent
factors can be made very negligible. Wave length dependent factors are consi.
dered to be ruore busic with respect to the recording and reading out of the pulses
and heve the results of the theoretical investigations presented earlier are of great
help. In our magnetic model of Write-Read process using saturation type record-
ing we have explained that the process consists in (1) awitching of the state of

g tion, (2) self-d ization of the recorded signal and (3) plivhack
of the recorded signal. It has heen explained in an earlier publication (Dutta
Majumdar, 1959) how the variables involved in the process are interclated in
a complex manner. For the clarity of the concept the variable factors can be
combined and grouped as (1) Recording procecess limitations and (2) Playback
process limitati The limitations due to magnetie characteristics of the Inyer
surface are of course, involved in both.

RECORDING PROCESS LIMITATION
Several important limitations of recording process are associated with what
is known 28 Record-Head Trailing Effect, which is commonly definetl as the de-
magnetization of the surface still within the eld of the head as it changes polurity.

11
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Fig. 18. Variation of P.B. Pulse amplitude (volts) with recording pulso amplitude {current).

In Fig. 15 the variation of P.B. pulse amplitude with recording pulse ampli.
tude is plotted. If the field gradient across the record head hud no influence on
the flux pattern, one would expect the pulse width and amplitude to remain cvns-
tant after saturation, But it ia seen that they are dopendent on recording.current.
The increaso in pulse width and deorease in amplitude may be attributed to the
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“record-hend trailing effect.” At the moment of flux reversal in the head, all
particles under the trailing pole face are mognetized to o varying degree depen-
dent on the gradient across the head. The actnal field pattern in the coating will
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Fig. 16. Variation of P.B. Pulse amplitude with head-to-surface gap (in thou.).
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depend on the permeability of the material saturated to  constant value at dis.
tances from the gap. This record head trailing effect is dependent on the B—K
charaeteristics of the medium, recording current, coating thickness, head to
medium separation and gap width of the record head.

In Figs. 16 and 17 variation of P.B. pulse amplitude and width with Head
to Surface gap are plotted for different speeds. In amplitude versus head to
surface gap curves it is seen that at higher speeds it tends to become linear. In
Fig. 17 it ia seen that the pulse width increases with gap distance, at lower
speeds the rate of increass is sharper than st higher speeds. It is seen that at
8000 r.p.m. and above, the P.B. pulse amplitude is much less affected by
gap variation,

w0
w
PULSE WIDTH.
I MICROSEC
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Fig. 18, Variation of P,B, pulso width in miorosec, with rotational speed in r.pan,
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Pulse width in microsecond versus rotational speed in r.p.m.-is plotted in Fig. 18,
The curves seem to approximate rectangular hyperbola. Here also it ie seen that
the offect of epeed variation on playback pulse width is much lesa affected at
spoed above 8000 r.p.m. In Fig. 19 and 20 whore variation of pulse width and
amplitude with rotational speed ig plotted, the amplitude is seem to rise linearly
with speed.

Effect of recording mmf.

The position of maximum fAux gradient is the effective recording point, which
will depend on the magnetic medium and the recording field strength. We can
see it from our theorctical results that the relative distribution of the horizontal
and vertical components of the magnetization will depend on the recording field
strength and the couting thickness. It has been obsorved experimentally that
a current greater than that vequired to saturate the surface results in reduction in
amplitude and increaso in pulse width and quent losa of resoluti It has
been shown earlier in connection with equations (30) and (31) that the longituclinal
component is responsible for recording. But if the recording current is increased
beyond the saturation curient the vertical ponent b predomi
which results in a shift of the effective recording point further awny from the
centre of the gap, and inoreases the total distance over which the fAux ia changing,
which obviously resulta in the increase of pulse width and loss of 1esolution.

Effect of recording head gap width.

This effect is same as that of the effect of the trailing field gradient as ex-
plained earlier. If the gap width is very small, the field gradient will be greater
at the pole face surface which will enable us to use a very thin magnetic coating
which is desirable from many other consideration. Naturally for thick coatings
a wider gap will be desirable to set up a sufficiently strong field to saturate those
particles some distance from the pole face. In s nutshell the optimum record
head gap will depend un the coating thickness, the B-H characteristics of the layer
surface and the separation betweon the record head and layer surface.

Effect of separation belween record head and layer surface :

With increase in separation the layer surface is subject to & diminished re-
cording field gradient, which will widen the flux distribution resulting in the loss
of resopution. This loss can be minimised by using a coating with a reotangular
B—H charaoteriatics, and by dosigning a record head that gives maximum field
gradient for the partioular separation being used.

Effect of magnetio characleristics of the coating malerial :

Earlier gro have tried to explain, on theoretioal grounds, the demagnetization
ourve of the layer material, (equations 40 through 47) and, self-Demaguetization
of the recordedsignal (squations 82, 33, 54pe Now we apply the term “self-
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demagnotization offect” to pulse widening caused hy the field within the coating.
Dir [ dv

"
where I is the in tensity of magnetization, Div I is the “volume density of
magnetic churge” and r is the distance from the volume element dv to the point
(£, 7,2) in the coating. The totul ficld ut (z, y,z) will be

DivIdv
H= I Lt o (86)

The fisld in theoating due to the volume clement dv will he dH =

This field within the coating will act on the particles and tend to reoriont the
particles and thereby reduce the resolution. This cfféct can be reduced by using
a coating matecin! with high coercivity to remenance ratio which will minimize
reorientation of particles, and having a rectangular B-H loop characteristics.
The demagnetizing fielll is loss with thin coating than with thick coating. Thus
from all considerations a considernhle improvement w..t. resolution is achieved
with nearly rectangular hysteresis loop material and a thin coating.
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Fig. 21, Computation of P.B. voltage from oquation (38) for different physical parameters.
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PLAYBACK PROCESS LIMITATIONS

An oxpression was dexived earlior (equation 38), showing how the P.B. signal
characteristica depend on coating thickness, head to medium separation and a
T li tant (a puted plot of equation 38 is given in Fig. 21). And
nnuther expression for the head output voltage, for the signal array using NR2
recording, and described by equation (49) was given by the equation (i4) using
harmonic analysis. A detailed analysis of the playback procesa limitations from
these deductions will not be attempted here to keep the size of the paper within
& resonable limit, only the salient foutures will be stated. Theoreticnl and ex-
perimental findings on pulse width and amplitude a3 a function of separation
between P.B. head and layer surface agree woll, and the diffevonce may he attri.
buted to the self-demagnetization and record head trailing effects which are
dependent on coating thickness.

Effect of p.b. head gap width.

It can be stated from physical rensonings that the sensitivity contour of the
P.B. head should be wide and sharply defined enough to be able to intercept as
much flux as is possible during reading operation from the recorded spots. The
total Aux intercepted by the head will he

¢:= _I. I:Wir
Therefore,
du--o[l
w=K g [ $,dz ... {67)
s-«f2

where K is proportionality constant involving number of twmns in the hend,
surfice specd and all ather vuriables including . (@ = width of tho P.B. head
sensitivity contour). Using the formula of Leibuitz, (67) becomes

ez = K(friejs — $-uns) . (88)

The maximum signnl amplitude is
tqes = ¢ = K| [¢u/l — $_us)

But Bofp = P-ufts - Cman = 2Kdujs-
For pulse width at N per cont of the peak amplitude the following oquation must
hold

0'02N¢“I| = foytu2—Pay—oft . (69)
zy 1a the hoad positinn where the amplitude has dropped to ¥ per cont of the peak
value. The solution for 2zy will give pulse width as a function of gap width.
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But the above equation can not be solved directly as ¢ is a transcendental function.
The equation can be solved graphically for particular systems. One point should
be marked here is that the effective gup width is not necessarily the physical gap
width. And the effective gnp width is to be detormined, by measuring the wave-
length whore the lst minima in signal ocewrred (Bagun, 1055). So if the pulse
width is not to exceed certain limit of an absolute minimum, the effectivo gap
width for the system can bo determined. In general, it would be desirable to
use the largest gap width consistent with satisfactory performance.

CONCLUSIONS

A comprehensive theoretical and experimental investigation on digital
data recording and reproduction on and from ferromagnetic layer surface of mag-
netic drum memory has been presented. The houndary value problem has been
solved to find the distribution of the fringing field in the ferromagnetic layer
surface. Analytic expressions for the output of a Write-Read aystem emploving
saturation recording on a magnetic medium in terms of the basic syat'em para-
meters have been presented.

The variables involved in the process of pulse recording on a moving magnetic
surface and their influences were experimentally studied with a practical magnetic
drum storage systenl, which has special features for studying the influence of dif-
ferent parnmeters.

Both theoretical and experimental investigations, and physical analysis of the
factors involved in the process lead to the conclusion that the following are the
bagic requirementa for achieving high resolution pulse recording on magnetic
surface :

1) Recording pole face configuration for having maximum flux gradient on
the surface for a particular head to medium separation.

2) Rectangular B-H Joop characteristics of the coating material to reduce
the record head trailing effect and the self-demngnetization effect.

3) High ratio of H, to B, to reduce the self-demagnetization effect.

4) Optimum recording current.

5) Minimum coating thickness i with satisfactory operation to
reduce the record head trailing effect, self-demagnetization effect, and loss of
resolution in the P.B. process.

6) Minimum head to coating separation to reduce record head trailing effect
and losa of resolution in the P.B. process.

7) Largest effective gap width which will give required resolution for the
particular coating, record head and heud to coating soparation so that tolerances
involved in the construction of the head con be relaxed and the perfornsance

charaoteristics made more uniform.
6
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