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ABSTRACT, 'The husse recpurements and role of storage soetion an all [nformation
Processing System s oaphuned with reference 1o digital data recording and reproduction on
and fiom maguetie drom surlwee A comprohensive theoreticn] and expersmental mvest-
gation accompamed by physieal mterpretations of the process of chgital data recording and
reproduction on and trom {erromagnetie layer surfuce of Mygnotie Drum Memory s presented,
The nssociated boundary vatue probleyn has heon solved (o find the distnibution of the trimging
field in the fereomagnetic Inyer und analytie expressions {or (the output of @ write-red gystom
i presented in torms ol the basie system puraneters As a resull of the ivestigaticns basie
rogqurements for achieving high resohition pulse 1ecordmg on o magoetiv surface are shown
to be Iugh cocrevity, low permeability, reetangulnr B-IT loop charactevistion, thin costing,
optimum rocordmg current and an optimum po'o lace configuration for hwving maximum
flux gradient on the surface for n purticular head-to-medim separation and conting thickness.

INTRODUCTION

The busic requirements of a storage device or memory system of any of the
Information Processing Svstem (IPS) are as follows .-

a)  Physical stability of the stored data, so that the mformation can be
retained for an extended period, if desired.

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

¢) Total eapacity of the device to hold binary informution should be gh
enough. '

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

Using well-known physical principles mvolved in audio-recording on mag-
netic surfaces, Digital Information Storage Systems are huilt (Bigelow, 1048;
Booth, 1949; Dutty Majumdar, 1958; Dutta Majumdar, 1961) which satisfies all
the above requiroments.

In the system under investigation binary information are recorded on u
magnetizable surfuce coated on a rotating nonmagnetic metallic cylinder known
as “Magnetic Drum Memory”.
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Pulse recording on magnetic drum surface has attained a unique position,
in the field of digital data storage, hecause hoth the basic requirements of a binary
memory, ability torecord two states of a hmary digit, and to consult the stored data
at anytime are satwfied i this type with simpliceity and economy. Theoretical
and experimental investigations on optimum design of magnetic dram- stores,
for serial, serd parallel, o1 parallel type of digital computers were undertaken by
the present nuthor, several aspects of which weve published m different techmical
journals (Duttn Majumdar, 1958, 1959, 1961, 1962).  In tlus paper the mathematies
and physies mvolved in (he process of pulse 1ecording and reproduction on and
from a moving magnetic surface with the help of « magnetic head is studied.  Field
configuration in and around the gap of the magnetic head 1s deduced, computed
numereally and plotted, whuch gives a quahtative insight into the problem of
hond design.  Caleulation of the magnetic field in the ferromagnetie layor of the
drum m eertam cuses s presented following a method smular to that of (Karlgvist,
1954), from wluelt varation of the field components with permeuhility, layer
thickness, awgap and other factors involved w' the mocess are studied briefly.
Lincar houndary valie problem {or the two-dimensional statse field and the one-
dimensional transient field has been studied.  Pulse frequeney has been assumed
low enough to neglect eddy current losses in the head and layer that are made
of spinel materinl,  The results of some experimental investigations, earried jout
with a pinctical magnetic dram storage system, designed and built here, providing
reasonable balwnce hetween confhicting requiremients of access time, storage
capueity, rehability, size and cost, are presented and analysed.

Physies mvolved in the provess of magnetic recording m general is rather
complicated by the facts that, the pactacles subjected to the recording field are not
of untforn sizes, and the varation of the amplitude of the apphed field are different
at iffevent depths thereby causing varations m the associated magnetic proper-
ties, and once the signal ik recorded an interaction oceurs hetween  places  of
different magnetzation giving rise to a demagnetization field, and an mtricated
interdependence of ull these and many other parameters.  But in saturation type
pulse recordmg the ertors mvolved m the simplifying assumptions made in theo-
retical deductions ure less nmportant, and expermientul studies on variation of
diferent pnrameters mvolved can be made with sufficient accuracy. The present
study nvolving comprehensive theoretical and expernmental investigations has
provided us a guide to the design of record/reproduce head, and optimization of
the whole system for high density storage of digital data.  The details of the
experimental investigation could not be given here to reduce the size of the paper,
only the suhient foatures huve heen presented

Principles of magnetic data recording and reproduction.

In digital computers, binary system of notation, where every digit 18 either
a*0” or a 1", is invariably used. And this in magnetic duta recording storage
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means that the magnctic material on the surfuce is either saturated m a positive
or i a negative sense, or completely unmagnetized. Depending upon this busic
fact several methods of recording digits are possible, Return to Zero (R—Z),
Non-Return to Zero (N- R- Z). phase modulation mothods ete. N—R- Z
method enables a much lugher pulse packimg density than the other methods
maintammy the same degree of relialnhty, N--R- Z method is hemg used n
the system under mmvestigation

When the individual writing eurrent. pulses are spread out. m time or distance,
so that they occupy a full bit cell the vecording mnethod s called w N- B Z
method.  Pulses loose thewr individnahity, and the writing current. waveform does
not return to zero between suceessive 's or suecessive ('s,  Instead, the moving
magnetic suiface, s continuously magnetized to saturation i one direction or
the other with the dmection of mugnetizution bemng roversed, when o 17
follows n 0™, or when a 0 follows a 1" The playback signal using o

I

Fig 1. (1) Bmary current waveform for N. R. Z Method of vecording (b) Actual p.b. signal,

(r) 1deal p.b  wignal

conventional type of head 1 approximately proportional to the rate of change of
flux on the swface. The actual playback signal is shown m fig ((I1b) But in
ideal case when readmg a flux pattern as shown in fig. (1a), the output should he
a series of narrow pulses ws shown in fig. (1¢) correspondig to the flux changes.
The original information 1s extracted from the presence or absence of these pulses.
The widening of the ontput pulses as explained above seriously limits the pulse
packing density because the flux changes must be separated sufficiently so that the
pulses do not. interact.

Magnetic model for write read procuss using saluration type recording.

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

(2) self demagnetization of the recorded signal,

(3) playback of the recorded mgnal (Read process).
The necessary aspects of the problem are to determince the magnetization of the
ferromagnetic surface before and after the process of self demagnetization.
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Attenuation fuetors for simusoidal treatments has been developed and reported
m the litorature (Wallace, 1951, Begun, 1949, Westnujze, 1953). Now the mag-
netic model that cexplans « ¢ magnetization can he applied with suitable
simplifying assumptions. and the cecorded pulse magnetization developed in the
form of a harmonie series,

The model that explaing a~ ¢ magnetization s rather gimple.  In a particle
w number of magnetie states are possihle, each of which corresponds to a nunnnum
of potential encrgy and iv separated from other minnma by potential barrers.
Auothor simplfymg assumption (hat ean be made is that these barvicrs are of
equal heyght, With the wpplication of the magnetic ficld, the potential energy
of those states will be dimmished where the diveetion of the field s move m accord
with the direction of the magnetization.  Hence the potential harriers will de-
erense on the one side and will merease on the other side of the potential minmmum.
Foe n certam value of the apphed field strength the first harriers will have dis-
appeared and the magnetization will jump 10% state with lower energy.  Since
ull the barriers were supposed to be of equal height they will be crossed at the
sume field strength and therefore saturation will be obtiwmed.  Reversal of the
ficld effeets the suturation m the opposite direction.  For an a-¢ field of sufficient
strength the magnetization will wlternate hetween two directions. Now m the
process of sntaration type digdal recording applied magnetic field, of suflicient
ammphtude to saturate the ferromagnetic smince reverses (switches) its direction
of magnetization ax steeply ax possible when a 17 follows a 0" o1 vice-versn.
So such a magnetization 1f developed m the form of a hormonic series. and the
attenuation factors developed  for sinusoidnl treatments referred earhier, can be
applicd term by term to the total avadable flux (o give the flux passing  through
the read coil, and by differentiation, tho resultant head output voltage is obtamned,

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

Before proceeding with the difficult problem of determining the ultmmate
magnetization of the element on the magnetizable surface m front of the record /
rend head, we intend to determme the nature of the field configuration in and
around the gap.  From this investigation we shall be m a position to approxi-
mate a potentl disteibution hetween the corners of the recording head. The
problem has been tackled hy Booth and Westmijze. It has been solved in a
somewhat different method and s presented here.

At the outset it is assumed that the permeabihty g of the head is infinity and
that of the luyer maternl is unity

We approximate a practical head (Fig. 2) such that its left pole piece

is. bounded Dby the plane y=0 from = -a to z= ~I/2, and by
the plane » = —l/2.  The right pole piece 18 symmetrical with respect

to the plane r:=0. This is the case of semuinfinite gap and bears close
resemblance to practical heads. but the caleulations are rather difficult to carTy
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out. The other two models, that of infinite gap and thin gap, also treated by
Westimijze, are not of much practical use, and so will not be dealt with hore.

— L

Fig. 2. An approximute prastical magnotic head (semi infinite gap).

Lookimg normal to the gap smtace, the gap s mfimtely extended m the --ve direc-
tion (fig. 2)  The assumption that g of the head material is infinite can bo oasily
approxmmated as the permeability of the head materinls ranges from 10,000 to
100.000 (rachometal, mumetal, permalloy, ote.) and they are not used near the
saturation1egion  The pole surface may then he said to represent a set of magnetie
equipotentials.

Supposing there is an one turn cotl in the head, and a current Tis passed through
it then there will he a magnetie potential difference 1 between the pole picces.
So the potential function V(x, y) has o satisfy the houndary condition V — 1/2
and - I/2, respectively for the two pole pieces. It is clear from the symmetry
that F,y) =0 at x =0  We shall apply Schwwurz-Christoffel transformation
in solving this problems, and then shall numerically compute the oguipotential
pofiles and the hnes of forces. (The compatation was done in the electronic

computer HEC2M).
Equipotential profiles and lincs of forces.

We now picture the head on the positive side of the axis in the Z-plane with
magnetic pole potentials, ¢ = £1/2 == 4+ V.

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.

ag _V _ay . 4
then dr  a  dy V= “ aks
Let ¢ =0 at B and E.
From Fig. 3(a) and 3(b)
dz_
dt

(1)} E—0)— 1)}
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(4 ¥ o
i 1-PLANE
' Tuaery
( -PLANE
p=x-v i gV
» [} _ .
» s 3 A e
(a) (6)
kg 3. (@) Z-plane, (b) t-plane
c o
4 )
{~ PLANE
s € 4 a l- Ic ) ‘cl ¥
l ()
L 3
(a)
Ig. 4. (a) W-plune, (b) t-plane
From IFig. 4(a) and (b)
W By g—1pe = B (2)
dt 12
s W= Blogt4-C'.
At B, t=—-1, W=7V, .. ¢C=1V.
At Bt -1, W= -V
o
We take W= ZV logt+ V.
m
D4
~ =2V yogipy @)
4

Since this satisiies the conditions
t—0, (ulong real axis), Yyr—o0.
f——+-00(” " V) r—oo0
From equation (1)

z =A[.‘.’.4’t:‘-d¢+b
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which on integration yields
_— 1
o 2 _ 1 —cos? -
Z—A(\/l 1—cos I)—1/)

We have Z=+4a at t=+1 0D =una

and Z=-a att=—1, .. -a= Af{cos?(—1)}4a

Now we have
7= 2u (\/iai:]——('llﬁ 1! ) - 4)
m [}

(vahd for x—0)

-7 ( w _|)
From equation (3) we have (= ¢ 2\V
This when expanded gives
Y

t=—1¢ 2V [ cos %‘% 4- 8 g:{ﬁ,]

Substituting the value of ¢t in equation (4),

N e )

—cos“{ e;;(; {iuus g'f/ 4 sm ¢ )H |-a. (H)

2y

We take

v s
cos~! {EZV sin ;’?} -+ 162V cos gi} = ("—1.

This on solution leads to

y mo oW
(' = cos-! [\712 \/(eV +l) —e2V {e V eV -}2cos "$} (6)
e Ty

l;=ms-:{\7%\/(:f +1)'+33’ {57 +e V +2cos?{.}?}‘] W)
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Now we tuke
Y
{crm e i sin 7;?} =A'—iB’' = Rvi0,

B Y|
A== Reosf) and B’ = Rsin (.

_m  yw _wY
R=¢ 2V {4' V 4e¢ V - 2con ”l‘f } (8)

and
.Y
¢ 1V sin 7"¢
tun ¢/ = — _—; (9)
1| e 1 cos L4

The equation (5) can now he wiitten as
Z -y

o0 .
-:‘[‘/R e (- 1'1))] +a

- (A -0 -{»u—|-:.(D—B)2“.
4 m

VEReos02=.1 and +/Rsin0f2 = B.

where
Therelore,
X = 2_" (A=)«
(10)
Y= ‘7;‘ (D-B)
and,

A= +R cus: = .\/g (1—cos 0)
an

B = /R sin g;A/f_(_l{cEO) J[
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Substituting the value of tan ¢/ from equation (9),

we have
0 1
cosf) = - -
V/1+tantd
eIV e=mUIY (g2 7{?+2 cos "f’
=+t —_— - (12)

eV “mIY L2 eog ”,¢

=0
DK BH RN IR gy oy gy

"

EQUIPOTENTIAL SURFACES & LINES
OF FORCES
COMPUTED FOR A CONVENTIONAL
TYPE MAGNETIC HEAD STRUCTURE
)

¥ =connr (eaurotinnac
¥ =comsr nas or roncer)

Fig. 5. Kquipotential surfaces and Lines of forcos computed for & conventional typo magne.
' tic head structure.

% =const, (aqulpot;sntiu.ls) ¥ =const (hnes of foroes)
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Using equations (6), (7) (10), (11) and (12), the sets of magnetic cquipotential pro-
files nnd lmes of forces are computed and plotted as shown in the Figare 5.

BOLUTION OF BOUNDARY VALUKE PROBLEWTO
FIND DISTRIBUTION OF FRINGING FIELD
OF A SEMI-INFINITE POLE GAP IN
FERRO-MAGNETIC LAYER OF A
MAGNETIC DRUM

Though the problem is non-hnear, the Imear cnse gives a first approximation,
which 1 some cases scems 1o he satisfuctory (Wallace, 1951; Karlqvist, 1954;
Booth, 1952).  Linear boundury value problem for the two dimensional static
fiell and the one dimensional transient tield has heen solved and will be dealt with

hore.

The notations for the physienl parameters are :

p— layer permenbility, d -~ layer thuckness, N — half the pole dstance b -
head-to-luyer distunco, By = induction in the pole gap measmed m volt-see per
s metor, By -= pgVIN, V = magnete potential of the head. py = 47 x10-7
in MKS system.

The investigations on the potential between the corners of the head treatéd
with conformal mapping, shows that the magnetic potential distribution along
¥ =0 can be safely assumed to be linear.

Thus
v— -V 2 - N
v= V- x/N —~N>a=N . (13)
P @ N

So the boundary value problem reduces w finding the magnetic potentinl v(r, y)
in the region y > 0, - -0 <2 & -2 00, when the potential along y = 0 ix prescribed.
The magnotizing voctor is then, -

H = Grad v(x, y) . (14)

The potentinl sutisfies the equation.

a al |8 ov
—_— o— . o=
7 ox dy ‘ Ay { (15)

We assume 7, the layor parmen.binty as constant, and we get the Laplace’s equation:

32 Y
Av =10, where A= or + a‘y‘2

2

a6)
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usually the equation (15) 18 a non-lmear equation
Boundary econditions :

We take »; = the potential above the layer (b- o).

ny == " mn - T(b o).
by - “ " (e—o).
g 7 : below ™ " (¢ ] o),

then houndary conditions along y = band y = U d (on the two sides of the layor)
are,

Vv, _ . ar,

"oy / dy (17
av, _av,
SIS 1
" ay dy (s

Equations (15) and (16) are elliptie equations,
The non-stationary one-dimensional fiekl can be computed from the equation:

®H oH
dar T B I (19)

o = conductivity of the laver, g = permeahility of the layer and is assumed

consfant.,

Idealisatcon of the problem.

The Ist approximation s to regard the drum surfuce as plane. The Drum
diameter is about 200 mm. and the gap is about .02 mm. The variation of the
head o layer distance due to the curvature of the drum surface is less than 10%,
for the mterval 0 <<« -2 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, and so for ull practical purposes, we can assume the head length as infinite.
The width of the head 1s also about 100 times the gap width, and so our two dimen-
sional treatment of the problem will be satisfactory. The permeabihity of the head
is very high, and so the lines of {orce will leave the head surface nearly perpendi-
cularly. The magnetic potential of the head 15 thercfore assumed constant and
is - Ve on the right half and — Ve on the left half of the head. How the pole
length influences the field in the layer was investigated by Booth (Booth, 1452);
here we shall study the pob;ntial between the corners of the head.

The boundary value problem.

We have to find out the potential v(x,y) from the solution of Laplace’s
equation, subject to the conditions,

V=0 when y=w . (20)
V = f(z) when y = 0 .. (21
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Fourier’s Integral solution for this s
1 = ®
V=" [daf e®f(A)cosa(d—a) dA . (22)
m oo —®
Following the same course ax in Byerly (pp T8—179),

We obtain

] - ® A (23)
) B N A T 23
ole, y) =y, h_Lf( ) couh’," (A .'r)~cus7;;l’
And when b = o we deduee the {formula,
’ =Y Ty - A 2
g = ¥ T I0) (24)

The fiold for g -= o 18 obtuined from the equation (23) defined by the equation
(13), aw:

cosh T FN)
Py .

)= Honog T e (25)
™
cosh " - )
20
This is not of much practical use. We get. the ficld for the case g = 1 from the
equation (24), which will be of great practieal use.  The field is always computed

from equation (14). The field 15 given hy the equations -

Hy(r, y) =-- I»z,!’ [hm ! N__1|,_I -H‘u.n'l—N'—;—{ ] (26)
oy — Ho ¥ (N A-2)? ]
H (v.y) A log PE(N= 1)t e (27)

In the above cquations we have the field given explicitly as simple functions of
ay, and it 18 oasy to compute actual fiell. The approximation is satisfactory
upto y greater than 0 5N. The pole gap field intensity H, is estimated from a
magneto motive force reluctance relationship, where the reluctanco of the head
oure is piecewise calenlated. We have

4mny

Hy= —2mt

2] e
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where R, = reluctance of the head core, Ry - Reluetanee of the head pole gap.
2y 8 the number of tns on the write coil aid

o
L I
P (29)
vl [/ -4”3 el /’1-14.1
f1 = length of pole gap m the v ntevead head (em ),
92 = averuge length of the veu gap (em),
Ay = avea of the pole gap (m®). Agy -~ e of the rea gap (em?)
My = nutial permeahility of the hoad core matertal af the frequencey of operntion,

Fig. 6 I'riuging ficld componenis Iy, Iy, aud the gradient 58”" s
T

The valdity of the ahove equations was checked by Kostyshin wnd Roshon
((Kostyshin and Roshon 1959) with the help of a Hall-probe, the vertical con-
Ponent of the fringng field of a magnetic recordmg hend with a 001 inch pole
g4p was mapped. The observed and caleulated fields agreed to withm 49,

Equations (26) and (27) in terms of the above parameters can he written s

14 2 1. 2
Hy(x,y) — — H, tan 1| ._ % Htan-1] __th 30
(®y) = =20 J tan 5 0 5 - (30)
7 o

2\ 2 2\
Hyw, y)= o ("Ty) +.(1_7F”?) e (31)

P 2 . 2
T ) (2 _~(1_:’f)
(9 ) } N
Maxinium values of the fringing field components H,, H, and the gradient

0H, . - .
E; at the point of inflection of the curve are shown in the Fig, 6,
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The point of wflexion of 1, and (he maa™ value of I, are assumed {o occur

at oy b2 for all valnes of y

The unalytieal expressions for other two eases. gt greator than 1 hut infinite layes
thichness and g greater than | and finite layer thickness eun he deduced using
Fourier's translorm method, but for all practieal purposes expressions (26) and
(27) or (30) and (31) offer very good approxmation  (We are using gpmel

materml of very low g as our ferromagnetie layer)

1w seen that ad a distance grealer than one tenth of the pole gap, the inten-
sty of the Jongitudinal (¥) component s always greater than the vertical (Y)
component  For a (ypmeal recording Lead at a distance ogual to the pole gap
the mtonsitios of the longitudinad (X) and the vertieal (Y) field components may
e of the order of 1200 and 700 ocrsteds respectively.  The 1200 cersteds field is
suflicient. to saturate any of the conmonly used storage media m-the longitudmal
direetion.  Moreover, hecause of the shearing ol the loop (Began, S. J.) m the
vertienl direction due to adverse demagnetization conditioms, the 700 oersted

—~
T
° o
I~ 3
o 40 3
S
. Z
30 [
) g
[
§ g
~ g4 »
; E i
& z
T >
< 0 ™ T 7
[ © 20 30 40 50
Diroction of recording (mmehes ¥ 10-#) Dircetion of recordmg (mehes % 10-3)

Fig 7. Magnotic field strength normal Fig. 8 Distribution of Magnetie fiold strength
to oxido recording media, normal {o the recording medw, signul array
continuous sories of “ones”  Tsobars are m

orrsteds.

field 18 msufficient to saturate the medium in the vertical direction.  So we take
it for granted that the magnetization w predommantly of longitudinal nature.
This statement was made by the anthor m a note presentod to the Roork: Session
of the Indinn Seionce Congress (Dutta Majumdar, 1958) and has been domonstrated
by Kostyshun 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 18 veproduced here (Fig. 7 and 8).  Before going into the more rigorous
harmonie wnalysis and other things, we would like {0 show how most of the engine-
ering design conditions are derived from the cauations (26) and (27).

From (26) and (27) we can compute longitudinal and vertical components of magne-
tic flux vectors in the medw as follows (Fig. 9) :
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(32)

(33)

(34)

COMPUTATTON OF PLAYBACK VOLTAGIE PULRKNE

FROM BQUATION (32)

Considering the idealised play hack head to he a semi infinite block of high
permeability matenal with the flat face at a distance b above the recordimg sur-
fuce, the P. B, signal will be proportionul to the rute of change of the X-compo-

nent of the flux,

Using the method of images, the value of the flux density i the head ¢an ho
shown to be the same as though the head filled all of space and the mtensity of

. . . . 2
magnetization in the recording medium were _{_1 times  the value wctually
: ji

present.
So,

r ==

2nB, [ oA NX 1 Nw‘\']
;T(/ln~| 1 tan y ~+ tan Y

If & is the thickness of the medium the total flux per unit width will e

¢z = T B,dy

b+5/2

(35)

(36)
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The output voltage will be proportional to the 1ate of chunge of ¢; therefore,

. Ade e dgy i
(o) - C ot -l..'“ S =l S B.dy

byo2

d .
ne (! [ i Bely o (37)

bio/2

2prel3, ¢ Y v ]l
) - myei 1) j [_I/" POV )2 gt (V= ) ]
btas2
a
pol' By YN )2
S 0| g
hydre
' b OV e
prt'By Tou - .; /I L [38)
ap !l . O
m (0 5 ) 4 O -ray

where (° constant ot proportionabity and 1V — velooty of the surface, The
equatton (38) f shghtly modified as

. ' o (b1 8/2- ay 4 (N—2)*] - .
‘W= l'(?;ﬂ‘/é—-a)u-m' 1—'.-)=] @)

where ' s greater than 'O’ and is a vecording constant which incorporates the
magnetie properties of the mediunm, The above eapression relates the playvback

voltage e from an deal ead with different physieal parameters.  These and
thew graplucal plots can bo used for design purposes.  If the value of ‘2’ 1
determined mdweetly, the maximam pulse amplitude and the pulse width at o

cortain chipping level can be determined.

Demaguctisation. curve of layer material.

The portion of the hysterests loop that hes m the second quadrant between
residual iduction. Br, and coercive force H,, 18 called demagnetization curve,
The quanlities most used in evaluating the gnality of materls are H,, By, and the
products Hy B, (BH),,. the latter bemg the maximum product of B and H for

 pomts on the demagnetization curvo (-re sign omitted), A given value of mag-
netic material will produce highest fiekl mn a given-air space when the induction
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B in the material is that for Which the energy product BH is o maximum (Evershed,
1958).

Fig 10.  (a) A hysteross loop, demagnetization (h) hysteresis loop linearized to [
curve approximated to a rectangular hyperbola, parallelogram.

As an omprrical mathematical relation the domagnebization curve can he
stmulated by a rectangular hyperbola (Bozorth, 1951) defined by three points
B.(H == 0), (B,, Hg), —H,B = 0) as shown in Fig. (10a)

The shape of the demagnetization curve between B, and H, 1 fixed by what is
often called the fullness factor, defined by

y = _%géé%n . (40)

and the squareness factor, §, defined retentively by the ratio of the B, o the asymp-
totic magnetization predicted by the hypesbola and is given by the equation

8= 22;%7‘1 . (41)
where
§ is related to y by
Y =1—(y—1) o (42)

Using the general expression for 4 rectangular hyperbola

(@—2o)(y—yo) = Cp? - (43)
ind making substitutions and simplifications, the second quadrant of the hys-
«eresis loop is given by the equation :

_ B(—H/H,)
= 1) o 4
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The roversible permenbility sy, of the storage medium, consilered constant
(Westmijze, 1953), is defined by the slope of the hyperbola at the pomnt (0, B,),
whero

Yy —= 14-tan 0 ... (45)
and tan f = g’. (L- 8) ... (46)

So it is seen that the reversible permeability s, i dependent on the squarness
factor 8. The slope of the hyperbola at the pomt (H,, 0) is given by the equation :

tan a = ]L;: ( 11-5') L. (47)

Write process . For the write process only, we hnearize the entire hystoresis
loop to u parallelogram (fig. 10b), then the fiell mtensities at the hegmnmg and
al the end are given by the cquations :

1,
2.8

H,

i = 5

H, — (48)
T'rom the mathematicul and physical analysis earlier we assumed the magneti-
zation of the medium us predominantly longitudinal. In the mechanics of NRZ
recording, the longitudinal component, of magnetization may be represented by
a trapozord.  The transition length of magnetization (Fig. 11) is equal to the
avernge dynamic transition length by with o lower limit nnposed by the static
transition length b,.
|
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The static transition length b, is determined by the shape of the hysteresis
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 tho write
circuitry, the relutive velocity of the head and storage medium, and the reluc-
tance of the head core.

ot

P, B | —_——
EE‘ iE [ LD |
[

]
|

IDEALITED
MAGNETIZATION

Fig. 12, A typical signal urray whero & succossion of onos are soparated by p and ¢ ‘hit’
leangths,

For the typical signal wrray (Fig. 12) whore a succession of ones are soparatod by
2 and ¢ Wt length, the resultant magnotization is described by the Fourier Series
(Kostyshin, 1961) :

narh

© sin - :
B=3 B, { b0y & gy mm N gk, teme | (49)
e p+q  nm 1+ ¢ _ nad (p+9)K,
P (p+9)K,

The corresponding harmonic wave length and the equivalent harmonic froquency
are defined by the equations :

A, = (PTOK, e (50)
n

‘ nV

_ 51
Jn (p+9)K, 61
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Self Demagnetisation of the recorded signal.

As soon us the recording head is vemoved from the vicinity of the recorded
cell, the boundary conditions change resulting in a demagnetizing field Hy and
& quiscent magnetization 533, During reading operation, the houndary conditions
similar to those of Write process are re-estublished, and ideally nt least the de-
magnotizing field is reduced to zero, and the resulting magnetization B, (the
mtial mugnetization considered for the Read process) is slightly lower than the
retontivity of the storage medium. This is due to the nonlinear character of the
hysteris loop and the constancy of the reversible permeability of the mediun.

"%

-Heo — K

Fig. 13. Demagnetization carve,

It is o standard practice to define a demagnetization factor (Westinijze,
19563) as

Dy =tany=— g“ e (52)
4

B, is then determined by the values of H; and B, and by the angle defined by the
reversible permeability of the storage medium as shown in Fig. 13 (Bozorth, 1951)

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

bi4d

I D,dy
D= v (53)
by+d
dy
b,
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b, = head to storage medium distance during write process und d = luyer thickness.
D, is determined from an expression for #; and By similar to that given hy Woest-
mijze (Westmijze, 1963) which need not he treated heve

The resultant initial harmomic magnetization after sclf-demagnetization is
given by the oquation (Kostyshyn, 1961) -

B, = 1| 14 Dy -_1)] REEY

28D, H,
(l D, g: )x (z -484 D, Z:)“J } (54)

Process of pliey buck :

The next problem obviously is to determine the total quantity of
fringing  flux of the stored it in the cell that passes through the read
coil when there is a reading operation. Westmijze (Westmijze, 1953) has des-
eribed the loss term, assunung of course the hond permeability as infinity and o
non-zero head to layer spucing due to physical dimensions of the head to medium
gap, the thickness of the medium and the reversible permeability of the medium,
Total flux through the head coil can thus he determuned which on differentintion
gives the output voltage of the read coil. By considering an equivalent read cir-
cuit, the loading effect of the amplifier, the line.and the stray capucitance of the
read coil can be taken account of. TFollowing the above logic, the expression
for the head output voltage, for the signal array described by equation (4Y), is
given by the equation -

- 4 .o
E,= 'EIX,,Y,,C,,E,,L,,B,,{«lNZW V} sin 14 g/p
v 1) 1078 volt . (5
8In /\m{X+ 3 ) . 10-8 volt, (56)
where,
X,—= - JR - B, = reluctance of the head core s (56)
Ty
1+ Rﬂl
Ry, = reluctance of the head pole gap
- sin :—;?

an_- — e (57)




88 Duwtjesh Dutta Majumdar

tunhml 14 ! tanh :"l
1 n M2 24,
(/y = e e e e e ... (58)
“ («mh"h I + tanh b, - tanh "ﬁd[ ]- { tanh f-b]
A A, Nl 2T J
.omh
RIN A
g, - e (59)
b '
A"
L. o 60
A ... (60)

Zu

N, -~ No. of turns on read coil.

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

V -~ rolative veloeity of head and storage mediam (em. por Sec ).

Z; = Lond mpedance of the cead network (olun).

Zy = eqmivalent impedance of the read head (ohm). .

The reluctanco vatio R,[Ry, iy given in oquation (29), from which X, 1s known and
the expression for B, s given by equation (54). The above equations can be
programmed for any Blectromie Computer and cun be applied to various head-
recording media systems, and it 1 possible to study on an analytic hass the effect
of varying single purameters of a system.

The case of one dimensional transient field.

In the ferromagnetic layer of a DRUM MEMORY switching the state of
magnetizution of the specified region on the memory drum surface 1s accomplished
by reversing the direction of an electric current in the write coil of tho mnagnetic
recording head. TIn ordor to study the transient field associated with this pheno-
mona, it can be assumed that a polurised clectro-magnetic wave with the compo-
nents H, and B, comes perpendicular to the ferromagnetic layer.

The eloctro-magnetic field must satisfy the Maxwell's fundamental equuﬁonﬁ,
and so the cornesponding differential equation can be derived from them.
We ussume p = pormeability of the layer
K = constant
@ == ¢onductivity of the layer (1/ohm-—-meter).
My = 410-7 in MKS system == 1.257 X 10-® (henry/meter)
E = electric intensity (volts/meter)
B = magnetic Induction (webor/meter)
D = electric displacement (coloumbs/meter?)



A Study on Recording and Reproduction, etc.
H = magnetic intensity (amperes/metor)
J = current, density (ampcres/meter?)

p = charge density (coloumbs/meter?)

Maxwells’ Equations ave :

AxE- - 7B ! AB0
ot 1

L o

AxH=J+ 0 AD=p

In & homogencous isotropie medium we have the additional relations

D - KE, B~ pll, snd J — ok,

From the nbove relations we have,

,_ o olf
AXE = p o
AXH =ok

We have Hy== U, — 0, and W, = fi, =0,

a a a

AxH = oy a

| Ho 0 0

oH, - OH, "
=), I ? = Koli;.
P :

0y
And
. i j K
o
AxE =| 3z oy 2
0 ] B
_; 0, . 0%,
= Ty T o
ok,
0%z ),
but e
¢ QIF = O'E,

(61)

(62)
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oL, . oM,

and ay / o

Therefore,

odl, _ OB, _ _3H,
e %y T

In rationulisod M.K.S system

aH, oH, (63)

The non-stationary one dimensional field can be computed from equation (63)
which 15 o purabohis differential equation and will be solved using Laplace’s trans-

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

Infinite layer : The wave 1 apphed suddenly at ¢ = 0, and the air gup &
s assumed to be zero.  The nitial value problem is . .

Hgy = Hyy Hiqgy =0, Higppy = 0.
(X - eoordinate has heen roplaced by y)
[ Laplace transform f(p) of the fuhetion F(t) s defined by

J(p) = J e~ PR ()it
[}

Then the Laplace transform of the equation (63) can be written as

h = I;" e=tvr | K= ou p,.
The corresponding tume function is
H,, = H, erfc. yN/ﬂig‘ .. (64)
is defined by the equation

z
erfr=- l—erfox = -2 I e—tdl.
A

Finite layer thickness : Whilo considering this case we have to assume thaco
the Z-component of electric intensity, ¥, 18 continuous on the other side of the
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layer, that is, at the point y —= d, then if &, and 0y represent conductivities of
the layer material and drum -—material respectively

oH JH
Lm .o, -= = Lm.
m . o, P Lm .o, P
y—=d—0 y— d+0

The conductivity of the ferromagnetic layer materml o, can be considered as zero
in comparison with that of the drum material (usually brass).

We have the Laplace transform

b H, ¢ ==k th‘
cosh Kd+/p

and the corresponding time function s,

Ho =2y £ (1) orfe [(Zn( l)dJ-Gﬁt”“ ] ... (65)

—
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Fig. 14. Magnetic field n transent case,

From these {wo cases one can compute the transient time of the luyer material,
and themr dependence on o, u. and d.

EXPERIMENTAL INVESTIGATION

In order to carry out a thorough investigation on the problems and hmita-
tions associated with arrving at a wholly rational design of a.magnetic drum
gtors, an experimental magnetic drum umt was designed, constructed, coated,
and finished by ourselves in our Laboratory. The engineering description, the
drum ;oating techmque, and 1ts dhgital data recording and reproduction techniques
were described earlier (Dutta Majumdar, 1961).

5
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For experimental purposes, factors that affect pulse resolution should be
broadly clussified as (a) frequency dependent factors and (b) wavelength depen-
dent fuctors.  Frequency dependent factors m pulse recording ave (1) recording
current and flux rise time, (2) frequency response of the amplifiers, (3) frequency
response of the magnetic heads. Tt s obvious that the frequency dependent
fuctors can be made very noghgible  Wave length dependent factors are consi-
dered to he more hasie with 1vespect. to the 1ecording and reading out of the pulses
and Tere the results of the theoretieal mvestigations presented earlier are of great
help  In owr magnetic model of Write-Read proeess usimg saturation type record-
ing wo huve explamed that the process consists in (1) swibclung of the state of
magnetization, (2) sell-demagnetization of the recorded signal and (3) playback
of the rocorded signal. It has been explaned m an carlier publication (Dutta
Majumdar, 1959) low the variables involved in the process ave mtenclated
a complox manner,  For the elarty of the concept the varmble factors can be
combined and grouped ns (1) Recording procecess imitalions and (2) Playback
process limitations,  The lnmtations due to magnetie dharacteristics of the Juyer
surface are of course, involved in hoth.

RECORDING PROCESS LIMITATION

Several miportant limitations of recording process are assocaated with what
is known as Record-Head Truling Blteet, which s comnronly defined us the de-
magnetization of the surfuce still within the field of the head as it changes polarity.

] PLav BaCK PuLsE

AMPLITUDE IN VOLTS V'§
PULSC AmPLL
TUDE (CURRENT)
O 1
i

Play black pulse amplitude
(in arbitrary units.)

° [ 2 o no 120 « 130

Fig. 15, Variation of P.B. Pulse amplitude (volts) with recording pulse amplitude (current).

In Fig. 156 the variation of P.B. pulse amplitude with recording pulse ampli-
tude 18 plotted. If the field gradient across the record head had no influence on
the flux pattern. one would expect the pulse width and amplitude to remain cons-
tant after saturation.  But it is scen that they are dependent on recording current.
The increase in pulse width and decrease in amphitude may be attributed to the
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“record-head traling effect.” At the moment of flux reversal in the heud, wll
particles under the trailing pole fuce ave magnetized to a varying degree depen-
dent on the gradient across the head. The actual field pattern in the coating will
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depond on the permeability of the matevial saturated to a constant value at dis-
tances from the gap.  This record head trailing effect is dependent on the B—H
characteristios  of the medium, recording current, coating thickness, heud to
medim separation and gap width of the record hend

In Tigs. 16 and 17 variation of P.B. pulse amphtude and width with Head
to Surface gap are plotted for different speeds.  In amphtnde versus head to
aurfuce gap curves it s seen that at Jugher speeds it tends to become linear.  In
g, 17 it is scen that the pulse width inceases with gap distance, at lower
spoeds the rate of inereaso 1s sharper than at higher speeds. It is seen that at
BO00 rpam. and above, the P.B. pulse ampbtude 1 much less affected by
gap varintion,
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Fig. 18, Variation of P,B. pulse width in microsec, with rotational speed in r.pam,
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Pulse width in mierosecond versus rotational speed m r.p.m. is plotted in Fig. 18.
The curves scemn to approximate rectangular hyperhola  Here also it is seen that
the affect, of speed variation on playback pulse width 1s much less affected at
speed above 8000 r.pan,  In Fig. 19 and 20 where variation of pulse width and
amplitwde with rotational speed 1s plotted, the amplitude s seem to rise linearly
with speed,

Effect of recording mmf.

The porition of maximum flux gradiont is the etfective recording point, which
will depend on the magnotic medium and the recording field strength We can
see it from our theoretical results that the relative distribution of the horizontal
and -vertical oomponents of the magnetization will depend on the vecording field
strength and the conting thickness. 1t hus been ohserved experimentally that
u cwrrent greater than that required to saturate the surface results m reduction in
amplitade and merease m pulse width and consequent loss of resolution. [{ has
been shown sarlier in connection with eguations (30) and (31) that the longitudinal
compouent is responsible for recording,  But af the recording current 1s increased
heyond the saturation current the vertical component becomes predominant,
which vesults in a shift. of the eftective vecording point further away from the
contre of the gap, and mereases the totul distance over which the flux 1s changing,
which ohviously results in the inervease of pulse width and loss of resolution.

Bfjcct of recording head gap width.

This offoct is same us that of the effect of the trailing field gradient as ex-
pluinod 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
wlich is destrable 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 tho pole face. In a nutshell the optimum record
head gap will depend on the coating thickuess, the B-H characteristics of the luyer
surface and the separation hetweon the record head and layer surfuce.

Effect of sepuration between record head and layer surface :

With necrease in soparation the layer surface 18 subject to a dimmished re-
cording ficld gradient, which will widen the flux distribution resulting in the loss
of resopution. Tlus loss can be mmimised by using a coating with a rectangular
B—H charactetistics, and by designing a record head that gives maximum field
gradient for the particular sepavation being used.

Effect of magnetic charucteristics of the coating material

Barlier we have tried to cxplain, on theoretical grounds, the demagnetization
curve of the laycr material, (equations 40 through 47) and, self-Demagnetization
of the recordedsignal (equations 52, 53, 54). Now we apply the term “self-
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demagnetization effect” o pulse widening caused by the fiold within the coating.
. Div I de
The field 10 theoating duc to the volume element dv will he dlf — --”-r-, e
where I is the in tensity of magnetization, Div J 1s the “volume denrity of
magnetic charge” and r is the distance from the volume element dv to the pomnt
(¢, %,2) m the coating. The total field ut (r, y.2) will be
)i
e (66)
°

Ths field within the coatmg will act on the paitacles and tend to reorient the
particles and thereby reduce the resolution.  Tlus effect ean be reduced by using
u coating matectal with lugh cocrewaty to vemenance ratio which will mimmize
reorientation  of particles, and having a veetangnlar B-1 Joop charncteristics.
The demagnetizing field 18 less with thin conting than with thuck coalimg.  Thus
from all considerations u considerable mprovement w.r.t. resolution is achioved

with nearly rectangular hystevesis loop material and a thin coating
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Fig. 21, Computution of P.B. voltage from equation (38) for physical pa M,
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PLAYBACK PROCESS LIMITATIONS

An expression was deaved earlier (oquation 38), showing how the P.B. signal
characteristios depend on coating thickness, head to medium separation and a
recordmg constant (& computed plot of equation 38 18 given m Fig. 21).  And
another expression for the head output voltage, for the signal array usmg NRZ
recordmg, and deserhed by equation (49) was given by the equation (54) using
hwrmonie analysis. A detailed analysis of the playback process limitations from
these deductions will not be attempied here to keep the size of the puper within
a vesonable linut, only the salient features will he stated  Theoretical and ex-
perimentud findmgs on pulse widthe and amphtude as a funetion of separation
between P.B head and layer smiface agiee woll, and the difference may he attri-
huted to the sell-donugnetization and vocord head trailing effects wlich are

dependent on contimg thuckness

Effect of p.b. head gap width,

It can he statod from physieal reasonings that the sensitivity contour of the
P13, head should be wide and sharply defined enough to be able to mtercept as
much flux as 15 possible during reading operation from the recorded spots.  The
total flux intercepted by the head will he

274 w2 .
[
Z—w[2
Therefore,
(H—mlz
- K d’( [ Gadx .. (67)
r—uf2

where K s proportionality constant involving number of turns in the head,
surface speed and all other variables including o, (o = width of the P B. head
sensitivity contour)  Using the formmla ol Leibuitz, (67) becomes

0> Klpejujz - $r-wizl o (68)
The maaxmum signal amphtude is
tay = €9 = K|@ojz — fus]
But Puje = D-vfoe r Cpaz = 2Ky)a.
For pulse width at N per cent of the peak amplitude the following equation must

hold
0.02NQp2 = dryt+o/2—Pry—o/2 .o (69)

xy is the hend position where the amplitude has dropped to N per cent of the peak
value. The solution for 2ry, will give pulse width as a function of gap width.
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But the above equation can not he solved direetly as ¢ s a transcendental function.
The oquation can be solved graphically for particular systems.  One point should
be marked here iy that the effective gap width is not necessarily the physical gap
width. And the effective gap width is to he determmed, by measming the wave-
length where the 1st minma m symal ocewrred (Bagun, 1955).  So if the pulse
width 18 not to exceed cortam limit of an absolute minimum, the cffective gap
width for the system can be determuned.  In general, 1t would be dosirable to
use the largest gap width consistent with satisfactory poformance.

CONCLUSTONS *

A comprehensive theoretical and experimental mvestigation on digital
datiy recording and reproduction on and from ferromagnetic layer swiface of mag-
netre drum memory has been presented.  The boundary value problem hins heen
solved 1o find the distribution of the fringing field in the ferromagnetic luyer
surface  Analytic expressions for the output of a Write-Read system employing
saturation recording on a magnetic medium i terms of the hasic ystem pata-
meters have been presented.

Tho variubles involved in the process of pulse recording on o maving magneti
surface and their influences were oxpermentally studied with a practieal mugnetie
drum storage system, which has special {eatures for studying the mfluence of uf-
forent parameters

Both theoretical and experimental investigations, and physicul analysis of the
factors involvad in the process lead to the conclusion that the following are the
basic requrements for aclueving hugh resolntion pulse recording on mugnetie
surfaco :

1) Recording pole face contiguration for having maximum flux gradient on
the surface for a particular head to medm soparation.

2) Rectangular B-H loop charactersties of the conting mater] to reduce
the record head trailing effect and the self-demagnetization effoct.

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

5) Minimum coating thickness conswstent with satisfactory operation (o
reduce the record head traling cffect, self-demagnetization offoct, and loss of
resolution in the P.B. process.

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

7) Largest effective gap width which will give required resolution for the
purticular coating, record head and head to conting separation so that tolerances
involved in the construction of the head can be relaxed and the performance
characteristics made more uniform.
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