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FOREWQRD

Becauge it presents information of general interest,
thie theeie report, which has had only limited distritution,
is being issued as a Project Whirlwind R-series report.

Any new data-storage development which suggests promiee
of increased reliability and decreased bulk is of immediate
interest to the builders of a large scals digital computer such
ae Whirlwind. The use of rectangular-loop magnetic coree in a
mlti-dimensional storage scheme, as suggested by Jay W. Forrester,
Director of Project Whirlwind, holde such promise. Thie investi.-
gation was, therefore, undertaken.

¥r. Forrester supervised the thesis work. Invaluable
ald was received from members of the mathematice, logical-design,
electronic-circuits, drafting, reporte, and clerical sections of
the organization. The author is 2lso grateful for the cooperation
of Mr. John H. Crede and the Allegheny Ludlum Steel Corporation,
who supplied the bulk of the metallic cores in the experimental

work.
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i A mall, toroidal, ferrvmagnetic core whoss B-H

‘ charsctoristic is properly "rectangular” in shape may be made

‘I %9 operate =0 that its flux polarity reverses only when the
2 right combination of two or threo magnetising colls are
‘ ocoincidentally oxcitad. The core may then bLe uced as a
soincident-current binary memory devics which aight do asseadled,
vith nany others, into s two- or three-dimensional nmory ayetes.
Sslection within such a system would be accomplished Yty means cf
physical-lins svitching along the twe or thres space coordinatea.

The response times of rectangular-loop ccres are fourd
t0 vary over an extremely large range. o ¢ ({iret appreximation,
oddy-ocurrent shielding accounts for these response times, whiob
range from ter*hs of a second for some metellic cores to lese

than a microsecond for seme ferritic cores.

Information-retention reatices and signal ratios are

| deofined and are used to astess the ability of a core to operate

; as a coincident-current mesory unit., A test setup vhich nakes
it posaible %0 obtaln thees ratior for different cets of operating
coaditions fe deviged and used on a number of cores. Salected
rossul §8 ere presmted and discussed relative %o the pertinent

hystoreasis.locp shapey.
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The prodlen is bracketsd om the one hand MW & metallis
core (Alleghemy indlum'e NTS 4332) vhich has excellsnt signal
ratios end o 20-microseconds responss time, ard on the other hand,
by & ferritic core (Perremic 3k.A F109 %.0.) which has only fair

elgnal resios and a l/2-microgecond resgponse time.

Further devalopment work ehould be aimed in two
directions: toward improving materiale % reduce oldy currents
snd inorease hysteresis-losp rectangularisy, and wmﬂ uncovering
and solving the prodlems associated with sescabling largs numbera

of these ocoros iuto a high-specd acmory systiem.
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HAFTER 1

INTRODUCTION

A Dackgrownd

Data storage is one of the funatione in modern computar,
confrol, aand commnications systeme. It is & major function in
electrenic digital computers, whose designe have developed, to s
esignificant degree, around the limitations aud potentialities of
chosen storage media.

The storage medium nov being incorporated inse the
computer at Frojeot Vhirlwiesd is & cathode-ray type of slectrostasic
ttorage tude. The data are in the form of binary digite vhioch are
stored as spots of electric charge on a plane dielectric murface
within the tube. A particular aspot 1s "selected” by aiming the
cathods ray; two space coordinates in the form of vertical and
horisontal deflection voltages determine the po.!tion_ of the spot.
"¥riting® or "reading” the epot e & second step accomplished Yty
dringing the tude elements up to the proper voltage levels and
turning oa the cathode ray.

Thio Sype of tube uses oculy twc space coordinates in the
selection step of the data storage procsss. The cxtension to three
or more space ccordinates wn‘l:d rosult in s reduction of both the

toiag» medium Inlkl end the mmber of subdivisions aloag escd

gosordipate axis for a glven storage capacity.

1. Supersoripta refer to numbered items in the dibliogrsphy.

7
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Position along s ocoordinate axis ie determined, in the
cathode-ray type of storages tude, Wy the level of & deflection
valtage, A more discrete determination of coordinate position in
a storage mediua would be cbtainable hy the selection of one of a
oumber ¢f physical lines.

Essea. & tovard developuent Of a three-dimensionel
storage scheme wherein discrete space-coordingtes are used in the
selection process vas under way at Project Whirlwind early in 1947.2
One of the media investigated vas the low-pressure-gas glow-discharge
Sube. I8, howvever, proved infeasidle for ;vactical reasocns.

York started asain in the eoring of 1919. The development
af mall ferromagnetic cores wiih rectangular hysteresis loops
recpened intersst in the prodlem. It semmed possible that muitadle
cores could be assembled into a thrio-dimensional storage array,
with a selection scheme invelving three single-pole line-svisching
n&-&-t.l This thesis 12 part of that work; 1% is concerned
primarily vith the individual ocore.

The following ssotions of sils chepter axplain the slements
of this three.dimmeional storags socheme and indicate ome of the
genaral requirements om the core. Me detalled Aiscuseion of the

individoal core starts in Chepter 11,

3. 2asle Operation 9f the Individugl Oore

Priefly, & wmall core made of a "Sard® maguetio material
B4y be magnatised in (ue direation or the other, an! left that vay,
This di-stability, like that of a two-position relay, may bde used
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to express the two digite of the binary system, ZZHD or ONE, A
number may be stored, or written, by sending a current pulse through
a magnetizing ooil on the core. Reversing the pelarity of thie
ourrent reverses the core's magnetization.

The bdinary number in the core, representad by the core's
flux direction, may be s.nsed, or read, by observing the voltage
indaoced in a sensing ooil wvhen the masmetizing coll carries a
current pulee of fixed arditrary polarity snd magnetizing amplitude.
Ralativaly large sisnal voltages wiil be induced if the core flux
direction is reversed by the read pulme, small ones if it is not.
This basic scheme is spproximately the one investigated by the
Oompu tation Laboratory of Harvard mvoruvqj

A core with a sufficiently rectangular hysteresis loop nay
be used in the following scheme for utilizing line-switching along
tpace coordinates in the selsotion step of the storage process.
Figare 1(a) is a schematic representation of such a core, W¥Windings
A and B are magnetizing, or selecting, coila; 5 1s a sensing coll.
Assune that a hysteresis loop of the core is as shown in Figure 1(Dd),
and that, at the start, the operating point ie at the lower stabls
position -ln.

The spplication of a magnetizing force of smplitude K /2
moves the opsrating point to x, resulting in a very mall chance in
flux deneity B; return to fl = 0, wvhich oocurs at the end of the H /2
pulse, moves the opersting point to -B., & point not far removed

from -’n"
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The romult for the spplication and removal of the full H,
is quite different; the operating point moves to y, and themn to 'i‘iu_q.
The core reverses its magnetization upon application of l'; in the
process there 1s a largs change of flux density 3, with a correspondingly
large pulse induced in the sigmal cofl.

um“nt.t‘ml.mm.qmmd sach an
asplitude that shey correspond to values of magnetizing force equal
to H /2 eash, then the magnetisation of the core can be changed from
~By %0 *3. enly ly the addition, or coincidence, of 1, and 1,. The
development of a relatively large signal pulse would, Sherefore,
depend om such coincidence. Reversing the current direction reverses
the procedure.

(It 40 spparcnt that forme of nolse and inetadility result
from the minor hysteresis loops travelled vhen magnetislig forces
less than K, are spplied and removed. These and other factors make
desirable a very high degree of hysteresis.loop rectangularity and a
relatively high ccercivity in the core material. Quasi.statie
operation has been assumed; odvicusly, the frequency with which
operations may ocour will be limited by losses, sddy-current shiolding,
end other factors. Later chepters discuss some of thess problems in
detall.)
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One simple eriterion for the shape of the BB loop may %
lerived from the 1deadised 200p drawn in Figare 2. If the walues of
E for vhich she lovp surns a sharp corner into a new region are celled
!1 and E, as dhown, the ocolnclidmt-onrrent operasion ie sssured vhil
the following hold trum

R H, Q1)
% <y, (2)

heese nay Yo oombined to give the ocolincidmi-aurrent ariterioni

v . a0 > 1, >y, (»
| | n: H,{ 2H,, |

0.  $we= apd hree-Dineneiosal 840 rase

If now, for exssmple, nine of thase Cares ars arranged
in a tvo-dimensional array as ia Figure 3, smd currents of magnitude
L J2 are caussa to flow in seleoved lines 7, ana x; a8 thown, oore ¥
1a the only core in the array which has the full l;pottllu foroe
K, ispressed. Gores D, X, C and I have HHIS impressed;: the resé
have 20 impressed magnetising foroe. The only oore, sherefors, whose
nagnetimmtion can be simificantly affected is the one at the junction
of the selected lines. The cutput siznal ar' Y taken, after
sultable mizing, fron the coile marked 8 which are all oonno'otod in

@ CORBORN..
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™ho extension to thres dimensione may ds accomplished ty
stacking two-dimensional arrsys, like the ome of Figure 3, in back
of each other, with respsctive x and y lines connected in common.
In this arrangenent the selection of lines x, end L energiszes a
vertical plane and a lhorhonhl plane in the array as shown in
Pigare 1,

This results in the selection of a line X, ¥, along which
all ocores have full magnetising force impressed. The rest of the
cores in the x, and Ta planes have only half-magnetiring force
impressed; cores out of those planes have none.

All that is necesesry now is to have a thirdl set of
sagnetising (eelacting) windings on the cores, connected together
in each z plane, and g0 wound, for each core, as to result in a
magnetising force equal %o -H /2 for an spplied current of -I,/2.
The spplication of =H, /2 to each 1z plane except, say, 2ys will resuls
in magnetising forces of only K, /2 left on each core in the lime
X Yg+ ®xoept for the core at the junction of this line and the gz
plane, core Xy TSy which 4s the selected core.

Yor the Vhirlwvind I computer, the s planes might well
represent the 16 digits of the numbei on the number tus, vhile two
Je~position switches control the x and y coordinates for selecting
the desired register (or word) from the 102l-register storage array.
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D, AStack on the Problem

At the start, and during some of the earlier ctages of the
wvork, i% became apparent that two courses of attack on the prodliem
wvere possible. One involved doing a great deal of detailed, rigorous
research of a theoretical nature, and amaseing experimental data on
0né very iimited portion of the problem. The other involved keeping
analysis and date-taking st a sinimum, and conecisted of 2 quick
development progras designed to demonstrate the practicability of the
conoept and to give a survey of avallable materiale.

The decision made lesned, in general, in the latter
direction. It vas felt that a greater contridution o the art was
to be made by obtaining an early, thoush rough, assessment of the
potentialitios of magnetic cores for use in this three-dimensional
storage scheme, Accordingly, the development of core-testing
equipaent to fill these needs was pushed hard, as vas the obtalning
and proocessing of sample cores. Some time had %0 be spent on analysis
of the cddy-current shielding problem in order to proceed intelligently
vith the development work, and this was done,

The development work culminated in the tee$ operation of
tvo different cores which bracket the response-time and information-
retention parts of the protlem very wall., The remults give a rather
dramatic demonstration of the feasibility of the thres-dimensional
narnetiosstoraze scheme, at least insofar as the individual units are

sonoerned, and are considered to justify the course taksn,
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CHAPTER 1I

CORE RESPONSE TINES

A, ¥ ; Time otd : |

The maznetic state of a sample of ferromagnetic material
is & function of time as measured from ths start of some excitation.
Factors emtering into the function include losses, aging and like
phencmena, and eddy-current shielding.

Losses in the material, as well as in the driving
circuitry, affect the shape of a plot of applied magnetlizing force
(H.) versis time. A discussion of the response of a magnetic core

‘) as indicated by megnetising force (H) or flux density (3) at points
in the material may postulate a given H. funotion and, consequently,
say sidestep the question of losses, This is done here. l. ie
applied as & "rectansular” pulse with a rige $ime less than 1/2
nicrosecond; for most of the materials tested this may b considered
a step function.

long- and short-term aging phenomena, “residual louu’.h

and dimensional nmus are ignored. It is aswmized that these
are not first order effects during the time intervals used, and that
the magnetis moment at a point in a material responds immediately %o
a change in H at that pom.s Experinental results indicate that
these are reamnadle assumptions for a firet approximation to the

hehavior of the cores tested,

18
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B. 34dy-Ourrent Shiclding in Tin Tape

When eddy-current ahielding ie the only significent Touter
in the response time of a magnetic material, the formulas governing H
and B at points in the material, for a step-function of externally
spplied H, mey be derived from Maxwell's Kquations. (See Appendix.)
If displacement currents may be disregarded and "semi-infinite-plate”
Socmetry is assumed for the material (both of which may be done for a
thin metallic tape or ridbbon) one resultant set of formulas im:

g-i-g -0 %% = 0, where 0" is the conductivity (%)
of the materials
B o= o), (5

When B is a milti-valued and non-linear function of H,
the problem of solving the equations is beyond present.day technigues.
if the multi-valuedness 0f the functions may be dieregarded (as in the
oase where half of one particular loop in the B-H plane is deing
travelled) the solution is more easily accomplished. The single-valued
linear case is discussed firet, followed by the single.valued non-linear
case.

Theoretiocal discussion is confined to the thin.tape shape
becsuse all of the presently useadle metallic cores are wound of
thin tape, the ferritic cores which have square or rectangular cross
sections have extremely hish resistivities and rather low
permeadilijies so that eddy currents are alwost negligidle in them,
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and finally, the qualitative concepts, vhich derive easily for thin

tape; hold in a general vay for zll shapee.

1. ZIhe Linear Case
Vhen f(H), above, is not only single-valued tut also linear,

ve may define a constant, called the permeadility, n ¥ B/H, and the
solution for H becomes (see Appendix for derivation):

@0 -n2¥
e1-7 Z danhe ', forcaen, (6)
k] aml

- s,

Where: a is the thickness of she ridbem, or tape; x is measured from
the surface of the tape into the material; H_ is the magnitude of the

applied step-funcilon of H; She material vas ubmagnetised at the stars.
Figare 5 shows H/H_ plotted verwas $/7 for four values of X
It 1¢ interesting to note that the curves leave the origin wvith sero

slope, with the trivial exoeption of the curve for x = J,

In Pigure 6, l/l. is plotted versus :I for various values
of t/r - Gince wve aswme that the flux density, B, 1s linearly
proportional to H, these curves shov the growth of n/;. as a function
of time throughout the material. The flux, §, is proportional %o




.“..r+.l..|.m+1.l.:|.w... = J.w. kol EHEE r 1€ | ....JIM. :
} i 1 4 1

 ERAE SN
| !
..||...I.lTI.....|‘|| a4 2 b & I b - —1 i
i1 !
e hadl 4 e
815133 B E S i 4 I 10 T i . it s eet

6008b-¥,



, 3 o S~ T L&

- B-35928
APPROVI.-_rp FOR PUBLIC RELEASE. CASE 06-1104.
1.0 ' 1. O |0T —T
0.8 0.8 0.8 0.8
. f MIRNE L T f
0.6 — 0.6 0.6 0.6
K \ %_..003 o \ > K %”
0.4 N 04— ~ 0.4 ~ 04
; I \ b o %:30 I
0.2 0.2 P 0.2 0.2
| S —
0 0.1 02 03 04 05 O 01 02 03 04 05 0 0l 02 03 0.4 05 0 0.l 0.2 03 0.4 05
O% 1.0 1.0 1.0
0.8 0.8 0.8 0.8
\ 7}.-=o.z T T
T 0.6 0.6 0.6 06 T
:' %—:0.02 IQ \ Io Io 735.0
~ 0.4 ' ~ 04 N ~ 04 T ~ 04
T \ T \ T F:20 :
0.2 0.2 < 0.2 0.2
R -
o} 0l 02 03 04 05 0 01 0.2 03 0.4 05 o} 0.1 02 03 0.4 05 o} 0.1 0.2 0.3 04 05
) 1.0% 1.0 1.0 AX—>
&:
0.8 0.8 ~ 0.8 AR
T f \ 7}"_—:0.[ f \\
T "0
N 04 : N 04 ™~ 04
T \ T x .10
0.2 0.2 N 0.2 T
na | L 0\ = CALCULATED
0O Ol 02 03 04 05 .l 0.2 03 0.4 O. O O0l1 02 03 0.4 05
g (s x)ve §
10— 1.0 |.o\ He
0.8 0.8 0.8 | WNP 120,128
1 AV I
06 0.€ 0.6
T L.0006 T T
N 04 T N 04 ~ 04 \\
p = p \ p = %go_e )
0.2 0.2 \ 0.2
. -
0 Ol 02 03 04 0.5 0 0.1 0.2 03 04 05 0O 0. 02 03 04 05
KX—» —— X

FIG.



S | | il 30 Nk i PR ¢ ki ! _“{;m_

APPRQVED.FOR PUBLIC RELEASE. CASE 06-1104. =

)

’ J B ax, or the ares under each curve, A plot of thess areas versas
$/7 4is shown in Figure Ta; this plet may alec Le arrived at by properly
wolghting and summing the curves in Pigure 5. Note that near the origin
the effeots of the outalde portions of the material (mall x values)
predominate, and the ocurve reaches its maximum elope for extremely
mmall values of §/7 e that, for all practical purposes, it may be

1 assumed to leave the origin with mexizum (bat finite) slope. The alope

s plosted in Figure Tb; it 1s linearly proportional to df/dt, so that
it shows the shape of the voltage pulse, o wvhich appears across a
ansing coil wound on the core. 7The pulse has its maximum amplitude at,

OF Veiy near, the origin and falle off from there om out. The pulse
anplitudc s negligible Yy the tize ¢ = 77,

2. Zhe Nop-Linegr Oape
¥hen the function f{H), aq. (2), is single-valued tut not
linear, equations (4) and (5) combdine to give:

3—:5 .o.ég.%z - 0. (8)

The function f{H) s commonly descrided by Arawing the
pertinent portion of the pertinent hysteresis loop for the material.

Such a ocurve is shown in Figure § for one of the more satisfactory

experimental cores. It 4s obvicualy highly non-linear and not easily

descridbed Wy any simple analytical expression. This is unfortunate,

for equation (£) becomes separatle when f(H) is a reasonadly simple
Q’:, pywer of H, such as ll'ln.
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4

The problem, howvever, does lend itself to a numerical analysio.
One wvas started using the difference equatioa.

- 2%
“n);. ttaog f(ll)!.' +°,.(n’)§ (Hz*ax.t 'aiz.t * Ha-ax.t" (9

vhick follows from equation (U4) in a straightforvard asnner. The
function f(H) was approximated by three straight lines fitted to a

carve like that of Figure §, .nd calculations made on a desk
calculator. The work proved $o be very tedious and time-consuming, and
vas abandoned before any conclus.ve results were reached. The pmilem
will be prepared, instead, for solution by the Whirlwind I computer,

| ‘ and the results will be available shortly after this thesis is written,
The need for a culck and rough qualitative solution remained, and the

folloving approximations suggeeted themselves,

Assume that the material starts from a steady-state ocondition
at the point -B,, sand, for an applied magnetising step function of
asplitude H_, follows along an idealiszed path in the B-H plane as drmn
in Figure 9a. All of the material reaches the point i innediately and
then enters the high-permeadility region. 8Since we are only interested

in flux ghanges, or the transient part of the solution, the problem may
be simplified slipghtly by changing the initial conditions to K= 3 =0,
and considering that the path travelled is the one drawn in Figure 9b.
Jeferring now %o Figure 6, 4t is assumed that the lirear analysis applies,
(W) spproximately, to the portion of each curve that is to the right of the
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®

H - E!
intersection of the curve snd the saturation-lins H. - m o« 4All of
5

the cross section above and to the left of that intersection 19 assumed
to be completely saturated. Since the 4neremended pormeabdility ls very
mch higher (by a factor 10° in many practical cases) for the region
below the saturation line than for the region above, only the squares
belov that line are counted as contriduting toward the growth of the
flux, §. The maximum (steady state) flux, 4 947 be taken as the

total area under the saturation-line.

Also, the lack of any changing flux to the left of the curve
and saturation-line intersection means that the effective thickness, a,
of the material has been reduced, accordingly, to .- 8inoce the squars

1‘ of the thiciness enters into the quantity t/7° in the linear analysis,
one spproximation includes reducing the successive increments of /"
by the factor (%)2- The remltant sets of curves of-'! and X -g are
drawva in Figures 10 and 11. ’

Further speculation on this spuroximation drings up the point
that the effective thickness of the saterial 1s reduced by saturation
only insofar as contridution to the changing flux is concerned, Mt not
insofar as the oross-sectional area available to the flow of eddy
currents is concerned. This would sesm to call for reducing suocosssive
._é inorements bty the factor (%) rather than by the square of that ratio.

The quantities *— and X % have been plotted for this second approximation
N

i1 Figures 12 and 13. Ag¢ will be seen later in this chapter (aee
t' Figures 17, 16, 20A, 20B]} the shapes of tho* curves, for either
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approximation, bear a falr resemblance to the output pulses obtained
exporimentally.

Further theoretical judgement regarding the value and
validity of the approximations requires deeper analysis, particularly
the results of the numerical sclutions as the computer will perform

then,

C. Sxyperimental Heeults and Comperisons
Experimental determination of the static magnetic state

of a core is not conveniently obtained. A dynamic pioture of the
changes occurring in a core is easily recorded, however, as a
Q family of curves showing the rate of change of flux, '8 » Versus
time, &, for applied step functions of H at varjing amplitudes, ll.o
These curves are, in fact, the voltage pulses induced in a vinding
on the core, and may be viewed on a cathods ray oscilloscope or
synchroscope. From such femilies, more particular pieces of dasa
may be axtracted for plotting other curves; e.s., response times
(pulee lengthe) vereus H_ smplitudes.
H.. incidentally, 1s taken %o e the epplied magnetomotive
force divided by the mean circumference of the toroidal core. The
ratio of outer to inner dismeters was close enough %o 1 to varrant the
assumpiion thai steady-state H_ vas constant throughout each metallic core.
Tor xmres vith sn extremely wide range of response times, and
whare quantitaiive comparisons can be made between different thicknesses

of the same core material, the data is often presented in the form of
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ourves of response timee (pulce lengtha) vereus Ho amplitudes. This is

trus largely of the Deltamax cores. IFor some of the "faster” metallio
corsd and the ferritic cores, fanilies of pulse shapes are shown awvl

other data extragoted vhere necessary.
Testing was done almost exclusivaly on cores which have

rectangul ar hysteresis loops.

1, Slow M 1lic

The tape-wound Deltamax cores, as supplied by Allegheny
ludium Steel Gorp. or its sudasidiary, Armold Engineering Corp., m very
alow cores, largely because of their phenomenally high maximum m;!:r
Q permeabllity, ng.. From Figure 1h, jug,. vhich is glven by the alops of
the satursz.ion hysteresis loop as it crosses the H axis, may de odbtalned
ad® approximately 1.3 x 106 emiasos/carsted. Using eq. (7), for 2.ai)
thick taps, vith a resistivity of about 35 x 10°° chm.meters, the
caloulated value for one "time constant", 7, 1s 1.2 milliseconds. From
Figare Tb, the time %0 the end of t.hn-ﬁ pulse for the linear case

should de adout 77 = 8.4 millisecends.

Yor the actual saturadle material ( see Figure 14) the above
reasoning indicates that as the amplitude of the applied H. approaches
B > 0.075 oersted, the time, %, to the end of the output pulse should

approach § milliseconds, The curve drawn for the experimentally taken ;‘
dase (see curve marked 2.mil Deltemax on Figare 15) axtrapolates to beyond N
10D milliseconds for H. = 0,075 cersted. The correlation here is bad due .
& in part to unayoidable insccuracies in the data, and the fact that :
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interlaminar conduction may not be negligible on these esrly samoles,
It is also likely that assumptions mentioned in the third paragraph
of this chapter are poorly fulfilled in many cases.

The fourth curve in Figure 15 is for a 2-mil Deltamax core
which was processed so as to raiee its coercive force, ac. to about
0.23 cersted. (See Pigure 16). It aleo has a lower maximum
M permeability; Pl =~ 0.7 x 106 gamseses/oersted, about half
that for regular Deltamax, As H g E, * 0.3 oersted, the response
time of this core should approach about 4 milliseconds; it sppears to
spproach about 100 milliseconds, giving as bad a correlation with

linear theory as the other Del tamax cores above.

Correlation with the non.linear epproximation of Figures 11
and 13, for HJH. = 12/!. = 0,1, is fair. The response times of the
three cores, expressed as t/7 , where 7" is calculated from the physical
characteristics of each material using eq. (7), average to 0.18 for
the atove Hy/H_ ratio. The same pulses from Figares 11 and 13 end at
t/T values of 0.11 and 0.20 respectively. The correlation gets

poorer as Hzﬂl. gets emaller,

Relative comparisons made between the experimentally taken
curves of different cores yleld good results. According to the linear
theory, 7 goes as the square of the tape thickness. For a given Ho
therefore, the three regular Deltamax curves of Figure 15 should be

spaced from each other, dongthotml.hv-fwtororzz.orh.
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This &es not hold vell for the curves through most of the range shown,
at does degin to hold better as the curves come in toward Hy, vhore
the B.H piths spproach closer to linearity. For exmmple, at E. = 0.2
osrsted, ¢t 1s adbout 10 milliseconds for the 2.mil curve and about 3.5
milliseconds for the l-mil curve., This factor of about 3 decreases %o
less than 2 for higher H_ values, and appears to increase (possitly to

L) for lower H, values.

The curve for core MT5 LI5S0 may be compared with the 2-mil
ourve for Deltamax by comparing response times, t, for small equal
increments of H adove respective H, values. The 2.mil Del tamax, for
l!. = Hy, ¥ 0,125 = 0.2 oersted has a ¢ of 10 milliseconds; core MTS
4450, for H o ™ Hy *0.125 = 0,105 oersted has a § of abous 5 milliseconds.
This factor of 2 1¢ very close to the ratiy of the g, valuos for the
two aateriale. (moe again, comparison involving linear theory is good
for low H & values, and poor for high ones wvhere departure from
linearity is extreme.

Figares 17 and 18 are photographs of scope traces showing tae
grovth of output pulses as a funotion of H. amplisudes for a c-mil
Deltamax core and core MNTS LUS0. There is some qualitative resesblance

between the shapes of the predicted pulses of Figares 11 and 13 and

these photographs.
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2. JFast K re
It 4is important to recall, at this point, that when a cure
is used in the coincident-current scheme 1% is switched by magneiizing
foroes which are always less than Hy (see eq. 3, Chapter 1). The
data in this section extend appreciably beyond al. but emphasis is
often laid on the region up to that point.

The cores discussed in the previous section are not suitabtle
for use as coincident.current memory units decause their response
times, for H, less than a&. are of the order of milliseconds. If
eddy-ourrent shielding, as discussed, is the important time-conmming
offect, then the squivalent time constant, T, of the material is a
useful oriterion and may de reduced, in a metallic core, by reducing
tape thickness, by inoreasing material resistivity, or by reducing
permeabllity. Unfortunately, it 1s not practically feasidle at presant
to reduce thicknesses to much below l-mil or %o inersase resistivities
very sush above 50 or 100 microba-cm in the rectangulan-loop metallie
nateriale, Cores are available, however, with substantially lover
values of maximum Mt o permeadbility., Figure 19 shows a
highly-rectangular hysteresis loop, for core K15 L3182, whose maxisum
Mpomtw is about 0,125 x 106 gmisses/ocersted. This

value is lower than that for Deltamax by a factor of about 0.1,

¥hen the coincident-current limitation, H. < al. is
AAx

considered 1% Decomes apparent that core WIS L3IE2 should be faster
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than a l-mil Deltamax core Yy yet another factor whem it is used in

the proposed scheme. JFrom the hysteresis loop of Figure 19:

ll.m & aax = 2.3 oersteds,

B o~ H, = 1.6 cersteds, and
lﬂ.m" 1.6’203 ’005‘

Vhereas, for Deltamax:

H /E .:x 0.075/0.08 =~ 0,94,

A ance at the theoretical approximations $o the growth of
flux vith time for various values of H_/H_ (Figures 10-13) indicates
that steady state is reached much sooner at lover valuea of H /H . A
vory rough extrapolation on Yigare 10 indicates that steady state is
reached at /7 % 0.6 for K_/H = 0,5, whereas for H_/H_ = 0,94 steady
state is prodably not reached unsil $/7>5,

¥e would expect, therefore, that cors KTS U382 would bde
about ten times as fast as l-nil Deltamax under linear conditions,
and perhaps one hundred times as fast wvhen used under non-linear
conditions for I-I. values in the vicinity of all per respective core.
From the sxparimental l.mil ocurve of Figure 15, the response time
for l!. = 0,08 oersted is of the order of teng of milliseconds. From
Figure 20, for l. = 2.3 oarsteds, the experiaental response time for
core NT3 U382 1s about 0.7 milliseconds. The factor is of the order

of a hundred as expected,

B s -
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Pigure 21 shows photographs of a family of cutput pulses for
this core. There is good resemblance in general shape to the curves

of Figares 11 and 13,

All of the previous calculations and comparisons have been
based on the assumption that a material travelled along its so-called
Saturation hysteresis loop and that, therefore, the function, f(H),
vas single-valued, and values of Agy ctould dbe taken from those loops
as shown in Figure 1k, 16, and 19. Becmise of the need to maintain
single-valuedness vhen attempting to obdtain response-time correlations
between theory and experiment, most of the data was taken for a
Raterial travelling along ite saturation loop. This vas done Yy
“pplying asymmetrical magnetiging forces as shown on the small sketches
on Figures 15 and 20, where H. was kept constant at a value sufficlent
80 saturate the core,

Agctually, cores will not be worked on saturation loops in
the proposed scheme, and it is important to see how response tinmes
changes wvhen symoetrical sxoitation is mpplied and varied. Data takem
under these conditions for core KI5 4382 ars plotted as the dashed line
in Pigare 20, and are photographically illustrated in FPigure 22. The
redaction in response times is very large. The same type of data wvas
taken for Deltamax cores, and is plotted separately in Figure 23.
Rosponase times are lovered again, but not as drastically.

As 19 indicated by additional evidence in the next chapter,
the reduction is due largely to the reduyotion hM as inner loops
are travelled in the B.H plane. Thers is aleo some reduction in

46
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rotained flux density and in coercive-force values, which would aleo
act $o reduce response times for fixed K. values.

Relative correlations of the above type exist between the
already-nentioned metallic cores and others tested. Two which fall
under this section's classification are kTS G46Y and MTS 4370, doth
prepared by Allegheny ludlum Steel Corp.

3. Zerritic Gores

Cores made of the magnetic ferrites promise a major reduction
in response times, mainly dne to their high resistivities, and
sscondarily due to thelir low permeablilities, low saturation flux
densitiess, nnd high ocoercivities,

The following values indicate how different the characteri-tics
of ferritio cores may be from metallioc ones. They are focFerramic 34.A
s product of the General Ceramics and Sseatite Corp. The compariscn

is nade azainet regular Deltamax snd is quite extreme.

Haserial Del tamax Ferramio 3li-A
diet N
Nax. 4aczamsmtel permeabllity, 1.3 x 10° adous 10°
/Aa. gansses/oarsted
Goercive force, K ., oersteds 0.06 3.5
Saturation flux density, 3, 1.6 £ 10" 1.3 x 107
FaARS S
Volume reaiptivity st room under 107 4 109

lq. v f. ohm.om

9
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Figare 24a, delow, is a photograph of scopes traces showing
the output pulees from a mall Ferramic 3U-A F105 toroidal core with
a Nearsquare cross-section of about 0.2.inch on edge. The applied
ll. vas asymmetrical, so that the pulses shown resulted from returning
along a path very close to the saturation loop.

Figure 24b shows the reduction in response times resulting
from symaetrical excitation, as discussed for metallic cores.

Figare ?lic, when compared with FPigure 24a, shows the
reduction in responss times resulting from reducing the radial
thickness of a Ferrasic Ji-A 7109 torvid to abous & ts original
Talue.

In the three figures a vary reduced rapge of response-time
values is evidant, This reduction is largely dus to the now finite
riss time of the H. function; the no longer negligible rise time
effactively puts a lowver limit on the response times of the ferritic
cores for H.» Hoe The fact that the toroide have relatively large
radial thicknesses also contridutes to this effect, and reduces the
soouracy of any response-time correlations,

The resistivity of the Ferrmsic core is about 10°> times
that of Daltamax, It is sufficiently high s0 that macrosoopio
¢ddy currents have been reduced to a negligible value and response
times are of the same order of magnitude as the rise and fall times
ef the H. pulses and of tho assoclated circultry. It 1s also possidtle
that displacenmnt currente and residual losses ars signifioant

limi ting r-qlon in this area,
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(a) FAMILY OF OUTPUT PULSES
(FOR THREE He AMPLITUDES)
FOR FERRAMIC 34-A FI09
UNDER ASYMMETRICAL EXCI-
TATION.

(b) FAMILY OF OUTPUT PULSES
(FOR THREE He AMPLITUDES)
FOR FERRAMIC 34-A FI|09
UNDER SYMMETRICAL EXCI-
TATION.

(c) FAMILY OF OUTPUT PULSES

(FOR FOUR He AMPLITUDES)
FOR FERRAMIC 34-A FI09, WITH
RADIAL THICKNESS HALVED, UN-

DER ASYMMETRICAL EXCITATION.

FIG. 24
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) | CHAPTER 111

IMPORMATION-REIENTION AND SIGNAL RATIOS

The operation of & magnoetic core as described in Section ®
of Qupur 1 raises special protlems with respect to stability of .
operation and what would commonly be called signal-to-noise ratios.
In the first section of this chapter, these problems are discussed,
and importan$ rasios and criteria are set up and defined. There
followe a brief look at the Sest setap nslod for odtaining the
experimental remlts. These remults, presented in the form of
photographs and numerical values, are then discussed and related to
s . hysteresis-loop shapes.

A. Definitjoms end Requirements

Much of the discussion below revolves around the
voltage output pulses from s core for different situations and
different core-information states. The measure of these output
pulses may be taken as their areas, peak amplitudes, or amplitudes
at chosen points in time. Unless otherwise stated, the pulse areas
are taken %0 be the quantities under discussion. Folarities are
often disregarded; it is assumed thut, in the final system, the
sensing device may de equally sensitive to signals of either
polarity.

Reference should de made to Figures” X Chapter 1)
throughous thie section.
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1. Information Retention
Thie phrase 1s used to rofer to the abllity of a core

%o maintain a2 flux direction and magnitude, representing a ZERO

of a ONE, in $he face of excitation by non-geleoting (E,/2) pwlses.
Figare 1hshows hov, after putting the core into state -B, with a
full H, pulse, a pulse otlulz moves the core $0 a new state, By,
Additional applications of K, /2 pulses tend to run the state of the
core further up along the B axis, disturbing the information in the
core, or, perhaps, destroying that information. 4An Sntqittn
inference to be drawn from Figureihis th.i disturdance of the state
of a core is reduced when the portion of the B-H loop detween

Hw H /2 and B = ¥ /2 spproaches the horizontal. The degree to
wvhich that portion of the loop is horisontal is one of the measures
of what 1s called loop rectangularity,

The state of a core is manifested By the size and shape
of the voltage pulse cut of a sensinz onil in response to the read
pulee of H, Change in amplitude or area of this output pulse as a
function of the number of intervening non-selecting (H,/2) pulses
is, then, an indication of the sensitivity of a core to disturbance.

If a ONE, as wvritten Yy a -H, write-ONE pulse, is at
-Bge and LKRO, as written by a +H, write.ZXRO pulse, is at +B,,
then rcdh‘whmutodwm.*ﬂl read pulse, and
the result is a large cutput voltage pules for a ONE and a mall
outpus pulss for a 4:RQ,
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Non-selecting read or write-ZERO pulses will tend to un a
OKE poeition yp along the B axis thus reducing the regponse te¢ o road
pulse later; they will not, however, significantly affect the ZilD
position. On the other hand, non-selecting write.ONE pulges will tend
to run a ZXRO position down along the B axis thus increasing the
response to a read pulse later; they will not, however, significantly
affect the ONE position.

a. ONE-Retention
An “undisturbed ONX" is defined as the mﬁmticn
state of a core after a ONE has been written and bdefore any other
pulses of H have been applied. A "disturbed ONN* is the state of a
core vhen a very largs number of non-selecting (nujz) read or write-
4SO pulees have followed the write-ONE pulse.
The "GNE.retention ratic" is defined as the ratio of

output signals for the twvo cases:

oNE__ _
Sogaurbed s T ONEretention ratlo, R .

ll. spproaches 1 in valus for the ideal case and is
less than 1 in practice,

b.  ZERO-Retention
An "undisturbed ZERO" is defined as the information
state of a core after a ZERO has been Written and defore any other
puless of K have been applied. A "disturbed ZERO® ig the state of

54
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a core when a very large musber of non-selecting (I, /2) write-ONE
pulses have followed the write-ZEKRO pulse. The il-m_retnntlon ratio

is defined as the ratio of cutput signals for the two cases:

Disturbed ZERO = = smRo.retention ratio. R

Undisturbed ZER0 ~
It approaches 1 in value for the ideal case and is

greater than 1 in practice.

2. Signal Ratioy
A numder of signal ratlos may be made from the above-
mentioned four basic quantities. The most meaningful one is the
"di sturbed- signal ratio®, which is defined as the ratio of output
signals for a disturbed OFE and a disturbed ZERO, as follows?

Disturbed ONE = py ¢urbed-signal ratio, 5.
Disturbed ZERO -

Since disturbance generally reducea the output signal
from a core vith a ORE, and raises the output signal from a core
with a 4ERO, the l” ratlio is a really coritical criterion of a
core's performance, S, approaches infinity in the ideal ocase,
and approaches or falls below 1 for the unsatisfactory case. In
practice it should be much greater than 1 if reasonadle discrimination

between the binary digite is to be obdtalned.
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Another type of voltage cutput from a core occurs when
1% receives a non-salecting (H,/2) pulee. This signal i, liks
noise, undesiradle; the word nolse is reserved, however, for slgnals
which are more commonly described dy that name, such as those
resulting from inductive or capacitive pick up, ete. The first-
mentioned signals will be called non-selecting (abdbreviated N.s)
signals. |

The largest N-3 signal from a core should occur in
response to the first non-selecting (H“ﬁ) pulse of a polarity which
tends to reduce the magnitude of the retained flux. If the core
holds a ONE this would be a non-selecting read or write-4.RO pulee

(+1,/2),
The ratio of a disturbed-ONI esignal to an E-5 signal is

defined as follows:

Disturbed ONE

N.5 signal ratio, sn..
.5 signal

Thie ratio, like Spe approaches infinity ideally, should
be much greater than 1 for satisfactory cperation, and is an
important criterion of coincident-current core performance.

The garden variety of nolwe i¢ not considered here; it
will be one of the major problems involved in the development of

assemblies of these cores into large-scale memories.
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‘ B.  Zost Setup

A single-pulse, or push-lutton, type of arrangsment wes
first used in the c:pcﬁlmtal wvork. It was abandoned in favor of
an automatic test setup which can put a repetitive pattern of H
pulses on a core to simulate, approximately, some of the conditione
under which the core might gperate in practice. This setup makes
it very easy to adjust the significant H amplitudes during operation
and %0 see and record the output pulses from a test core for different
operating modes,

Previous considerations lead directly to the pulse patterns
desired for the testing. These are shown in Figure 25. The seguence

_ of events for each mode of operation a, b, ¢, or d, may be followsd
% with the ald of Figure * b(Chapter 1).

The btlock diagram of Figure 26 and the circuit schematic
for the Core-Testing Pulse Amplifier (Figure 27) show the squipment
arrangenent and circuitry used to produce the above pulse patterna of
magnetizing force,

The setup is very flexidle and is made up largely of blocks
of project test oqupnt.r Renetition rate may be varied by varying
the free-running frequency of the high-frequency multividrator in the
KY Frequency Divider. All pulses are equal in duration; the duration
Bay be varied by adjusting the delay in time detween the pulse into
snd the pulse out of G & D (Cate and Delay) Unit 2, Pulse amplitudes

gre adjusted by front pspel controls on the Core-Testing Pulse
. Amplifier. The modes of operation and the number of inserted non-
selecting pulses are determined by the condision of the two switches,
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S¥ 1 and W 2, and the dividing ratio of HI- to lO-frequency pulses

out of the KV Frequency Divider, as detalled delow.

With the syne input of the synchroscope connected to roceive
the gate output of G & D Unit 1, as shown, 1t sweeps once for every
pulse, repardless of operating mode. All cutput pulses start, therefore,
‘st the same point on the scope screen (a point determined by the delay
time of the pules out of 0 & DUnit 1), and the viewed traces are
superimposed. Scope leads may de comnected to the sensing coll on a
core for viewing output pulses, or across the 50.0., 27 w, series
resistor wvhich is common to the two -ggcthhc windings, for viewing
the current pulses, |

To produce operating mode a (Figure 25), the NV Frequency
Divider (Pigare 26) 1¢ adjusied to divide by 2, so that the repetition
rate for "LO" frequency pulses is half shat for "HI"; mode b is
produced bty dividing YW any integer larger than 2. Opening svitoch
S¥ 2 and dividing by 2 results in mode ¢. Mode d may bDe obtained by
opeming SV 1 and dividing by an integer greater than ‘2; the pattern
wvill, however, by upside down and must be interpreted that way unless
the trouble is taken $0 reverse either the masmetiszing coil leads or
the scope leads as vas done in odtaining some of the disturbed.sero
photographs of the next section.

0. Experinentel Remlte
Fov cores were found which could operate successf:lly in
.‘ the coincident-current scheme. Of the metallic ones, core MTS 4382
;. (firet mentioned in the previous chapter) vas the beast on all counte.
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1. OCore MT3 L1332

The test results for thie core are summarized In the
photographs of Figure 28 and the table of Figure 29,

Figure 28 is worth a consideradle amount of study. The

three columns of photographs are for three arbitrary values of Hu‘

the center column was taken with the magnitude of K, close to the

optimum value; the two side columns show the changes ocourring for

snaller and larger values. In the top row are shown the voltage

drops across the series resistor common to both magnetizing coils;

the scale 1s calidrated in oersteds since the voltage drop, multiplied

by a known constant, gives the magnetizing force, H; these piotures,
' although takem for mode b, indicate the magnitudes of K, and H /2 for

the entire oolumn,

The next four rows show the voltage pulses appearing on the
core's sensing coil as the core reacts to the pulses of H.

Some Jjitter in the MV Frequenoy Divider between division bty
2 and division by 3 made it possible to see the undisturbed.ONE ocutput

trace gnd the once-disturbed.ONE output trace simultanecusly. This 1a
labeled mode ab and is shown in the second row of the figure. The

three positive traces (starting with the largest one) represent outputs
from an undisturbed ONE, a once-disturbed ONE, and one non-selecting
read pulse, respectively. The negative trace remults from the write-

ONE act.
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The third rov showa mode b, The hesvy center trace
results from a large number of cohsecutive non-selecting read puinea;
%io Tiner trace just above it 4s from the very first of those, %he
Positive outside trace represents the disturbed.OCHE output, and the

negative trace, a2 before, 1s from the write-GiiE act.

Row 4, mods ¢, shows only one trace for the undisturbed

Mode 4, row 5, showe three traces. The negative trace
Tepresents the disturbed 4ERO; the heavy positive trace results from
the non-salecting write-ONX pulses; the faint positive trace results

fron the firet one of the non-selecting write-ONE pulses.

The firet tadle in Figure 29 shows approximate infomation-
f\ retention and signal ratios as obtained from the photogrsphs. The
Tesults for columns 1 and 2 (K £ optimm) are most acceptable.
Increasing H, %o the optimum value remilts mainly in a reduced response
time and higher signal output levels. The incorease to columm 3
(H, > optimum) reduces the response time and raises output levels again,

bt it aleo results in drastiocally reduced signal ratios, particulernly S,.
Reference to the hyasteresis loop (Figure 19) for this

core shovs that the H /2 value (1.5 oersteds) of coluan } exceeds the

value (1.2 oersteds) of Figare 19, and 1s adout equal to the A of

the materfal. In colum 2, however, i /2~ 1,2 & H, giving

satisfactory operation,




ﬂ“

il N APPROVED FOR PUBLIC RELEASE. CASE 06-1104. peil i
A-36004 - 2 @ :
J— METALLIC CORE MTS 4382 || ; FERRITIC CORE 34A FI09(b.o) i
PUT *
RATIO g oot T Hu ™ Hy > RATIO VTV Hu < Hy~ Hu > i
OPTIMUM OPTIMUM OPTIMUM OPTIMUM OPTIMUM OPTIMUM }
AREA AREA
" Paeize! 0.95 0.95 0.50 - o= 0.83 0.77 0.56
I \ |
AMPLITUDES AMPLITUDES
AT 5 e 097 0.97 0.63 AT O3 JE880 0.93 0.85 0.40
AREA 1.5 1.7 18 AREA
Ro | 1 Ro NOT TAKEN
5usec 1.0 1.0 —» oo [ 0.3 usec
|
|
AREA 10 13 0.80 AREA S.1 6.2 I.1
So Sp
Susec | —» oo — oo 0.70 0.3 psec 2.5 13 |
AREA 12 16 8 AREA 3.0 3.5 1.3
Sns Sns
5 usec - oo —» oo —» oo 0.3 usec 10 7 .6 .
RESPONSE 25 20 15 N RESPONSE 0.45 0.45 0.6 k
TIME Msec usec usec TIME Msec psec Msec
E’ I
&2 INFORMATION RETENTION AND SIGNAL RATIOS
gg FOR THE BEST METALLIC AND FERRITIC CORES

a9




Ol .

 APPROVED:FEOR PUBLIC RELEASE. CASE 06-1104.

@

Comparison of Figure 15 with the family of B=H charaat:orisiics
photographed in Figare 30a chows that the core retaine ita rectaugilarity
wall as H exoursions are reduced, until some point ie reached below waich
the loops collapse almost entirely. The predominant characteristics of
the loop collapse are the large reductions in retained flux density, Bp.
These reductions are greater, percentage-wise, than the concemitant

diff, |
s sernebtiitiee

reductions in soercive force, Hc" Al though the
decreass %00, the Overall effect is to maint=in a locp shape on wich the
coincident-current sriterion, HNIE < H]_ holds until the loops begin to

collapse entirely. Aleo held well 14 the flatness of the near-horizontal

portions of the loope, thus retaining favorable K-S signal ratios (S ).

2. Qore Torramic 3teA 7109 (b.e.)

This 45 the best ferritic core tested and has reasonadly
aoceptabie retention and signal ratios plus an extremely short response
time. It is, however, rather ssnsisive to the H, smplitudes applied,
and allows less deviation from the optimm K, than does ths metallic

cors previoualy discuesed.

Fipure 31 has photographs of the magnetizing pulses and
the output pulses for the three important modes of operation, Scope
leads vers reversed wvhen taking the photos of the H pulsss and the
node d output pulses, w0 that all pertinent traces appear as positive

ones. Othervise interpretation is the same as for Fipure 28,
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(a) FAMILY OF B-H CHARACTCRISTICS FOR
METALLIC CORE MTS 4382

FERRAMIC 34, TYPE A

(b) SATURATION HYSTERESIS LOOP FOR
FERRITIC CORE FERRAMIC 34A AS
PUBLISHED BY THE MANUFACTURER

FIG. 30~
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The remiltant important retion are tabuleted in Figare 29
noxt to those for core MTS U332, The ferritic core has a respovco
ti9e about one-foriieth that for the metallic cors, tat it has
sppreciably poorer retention and signal ratioe.

The response time improvement is largely due to the
terrific reduction in eddy currente. The relatively poor signal
ratios are dus largely to a lower degree of hysteresis-loop
rectangularity; a copy of a hysteresis loop for Ferrrmic 3L.A is shown
in Maure 300,

Bath the response-time values and the umni ratios at an
optimam point in time oould probably be improved somewhat by

-0 decreasing the riss times of the pulses of H,
3.  Zerroxqube IV

An Anteresting demonstration of the efv'ect 2f different
degrees of hysteresis-loop rectansularity upon .__curo's performance
may be had by rigeing s negativaly magnetostrictive core with a
compression drawvstrap and checking its performance, and its B-H
characteristics, under varying degrees of compression,

This vas done with a toroidal eample of Ferroxcube IV as
smupplied by the North Amsrican Philips Co. The photographs of
Figure 32 show that core's performance when under a good amount of
soupression and vhen undsr nons. Ths emergence of a falr degree of
Joop rectangylarity under core compression may be seen in the upper
@ iwo photographs.
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Along with the appsarance of loop rectargularity under
suipression 1s the abllity of the core to perforn, with reason-!lc
retention and signal ratios, ia the coincident.current scheme. Tho
core, when undsr no compreesion, has completely unaccaptable ratiocs,
as shown in the second column of the figure,

The response time of the core increases by a factor of
about 10 vhen under compression. . This s very rovghly equal to the
inorease in the !MMpaunmlw ()lﬂl’ with
compression, as appro dmated from the middle loops of the two B-H
charascteristios shown., This is further evidence in support of some

of the discuseion in the preceding chapter,

Life-eize photographs of the cores are displayed on the

~ 3

next two pages, Figure 37 shows piCtures of the following:

aore MT5 W50, cased and wound (top 1af$); a small-eize,cased, sample
ocore which hus characteristios like MT: 4382 (Sop center); the
Ferroxoudbs IV ocore with compression drswetrep and vindings (top right);
a regalar Deltamax core, cased and wound (bottom left); a l-mil
Daltamax core out of ita case (bottom right). PFigure 34 shows cores
MTS 4382 (left) and Ferrsmic 34-A F109 (b.0.) (right). Both cores

are wound and mounted oo a male plug of the Core-Testing Pulee
Amplifier as used Muring the tests.
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LIFE-SIZE PHOTOGRAPHS OF GORES MTS 4382 AND
FERRAMIC 34A FIOS9(b.o.) AS MOUNTED ON CORE TESTING
PLUGS READY FOR USE IN THE TEST SETUP
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CHAFTER IV

The preceding two chepters have dwelt on two phases of tho
prodtlem of operating magnetic cores in a coincident-current memory
scheme vhich would de adaptable to a line-switching type of selection
along $wo or three space coordinates.

A, BResponse Times

The best response times presently attainable run to about
20 microssconds for metallic cores and about 1/2 microsecond for
ferritic cores. The latter time is aore than low encugh by the high-
peed.-mnesory standards of Whirlwind I. Some decrease in respouse
times is possidle if the radial thickness of the ferritic toroids
is reduced; further improvement may be attainadle by changing

paterial characteristics sich as the volume resistivity.

The 20-microseconds response time of the dest metallic
cores is too great for high-speed memory appliocation in Whirlwind I,
tut is prodably reasonable for irtermediate applications and for
slower computers, Very significant decreases in this core's response
time are possidle by-roduolng tape thickness (the Allegheny ladlum
Steel Corp. is working toward 1/M-mil tqpe - this should reduce
response timss to well below 5 microseconds), increasing material

resistivity, and reducing the retuined flux deneity,

74
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E. Bignel Ratloy

Core MT35 4382 has probebly a8 good a sof of fnformat?
retention end signol ratioe as will be neaded in a colncident-current
tchexe wvhich involves no more than thres curreats. The area ratice
are utr-oly good, and the optimum-point-in-time ratios are
practically perfeot. These are all the result of a B.H characteristic
which combines sharp corners, abrupt saturation, «nd the fact thet 1!1
and H, are close to each other yet relatively far from the origin, =
that 1t 1 enay to find an K, vhich fulfills the criterion, H,{2ZH

—ﬁiﬁa—a‘?_

C. Qore B-E Gharagteristios

The operasion of a core as a coincident.current nemory
unis requires a hiigh degrée of hysteresis-loop rectansularity. It
al®0 requires that the hysteresis loops of the core collapse toward
the origin, for decreasing excursione of H, in a certain way.
Tuture data on magnetic corss for this type of applicition should be
in the form of familles of B-H curves, or hysteresis loops, takem for
mmetrical excitation values wnich range from zero to near saturation,
wvith emphasis on the region about He' A family of such curves,
supplemented bty physical data regarding dimensions, resistivity,
Curie temperature, etc., will convey abous all the information
needed in order to mssess the core's muitability, There is quite a
resemblance bejween such data and more commonly seen vacuum-tube

data.
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There are some phases of the problem which have ben

Gudtted or only 1izhtly memtioned so far,

One of thege ig the faclt that readings the corels informaetion
12 the eame as writing a :zero into it. The core, in other worde, in
cleared upon being read. Thise is not a mejor imnediment to the scheus's
usefulness in a large-scale computer; it ie not too difficult tc re-

write information extracted from a memory register. Thought should be
given, however, %o means of ocircunventing this problem.

The energy irreversibly put into a core during the ewitching
process 1s cuite significant., The required rower may bDe a probtlem to
supply snd to dlssipate as heat from the coros.

The average power into ocore «T3 L1382 during the 20 microseconds
swvitching time 1s of the order of 10 watts. If the core is operated
at a 50% duty oyole (a reversal every L0 ueﬁmm) it has to
diseipate about 5 watts wvithout experiencing a dangerous t.ufm-nun
rise. S5ince this core is fairly large (see Pigure 34) and has & high
Curie temperature, it can prodably operate under these conditions fairly
well, and the probtles may only be that of removing the combined heat
generated in an assembtly of such cores. Under the same duty cycle of
50% (a reversal every microsecond) core Ferramic 3i-A F109 (b.o0.) may
have to disaipate about 10 watta. This core is already rather small,
and 1t has A relatively low Ourie temperature (280°C). Unless speoial
precautions are taken, this core's temperature msay rise, during operation,
to a point vherey its hysteresis-loop shape is adversely affected.
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The snevgy into tho cors ¢ in the forma of 4 current pulse
~2inst the {induced back e.m.f's Production of the proper cure
pulses for a large mmber of coreas ngy be a eerious problem, pariicalarly
2

if the ocurreant magnitudes are kept high ‘n order to reduce the number of

turns needed on each magnetizing or selecting winding.

The signal-ratio problen may be acute in a large assemdly
of cores. llhot.iur undesired signals (N-5 signals end ZERO'g) will
add or cancel sach other will depend on the sensing ciroult arrangements.
The timing of the selecting pulses also snters into whether o» not N-§

signal e bacome objsctionadble,

There is a large, thin, spiks at the beginning of each
ousput culee from thoss corss whion have response times longer than
about 5 microseconds. This spike may alsc e sean as the start of
sach X §€ pulee on the theorettosl aporoximations of Pigures 11 and 13,
where the H pulses are coneiderad to be atep functions. Where E pulses
bave rise timees vhich are negligible {ractions of the core response
time, the spikes appesr. It is obvious, then, that the actual shape

of these magnetising pulses 1s a oritical faotor which needs to be

' determined for each situation; and the spikes may be reduced as

desired, at the expense of some alight increases in response times,

Inductive pickup may decome a real headache and the proper
use of unilateral impedance elements, careful relative placement of

cores, and other precamitions may be necessary.
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These® and other miscellaneove considarations require
Turther study and experiment. Farticularly needed is the ex-
verimental operatior of a few cores in a two-dimenslonal pilot
agssembly. This work will begin .C.tt;t Project Whirlwind in the nesr fu-

ture.

WNP; ap

,.
<




-&q
ol |

A-36012'w

DERIVATION:

APPRNDIX
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H inside a thin ribbon as a function of x and t.

z

|

|
|

S S

Maxwell's equations:

He

Thin ribhbon of

thicknese a, infinite
in z directions,
“Ysemi-infinite® in y
directions; conductivity
o; step functiocn of H,
of amplitade H,, applied
at t = 0; L=H =0 at
t =0(-).

Due to the assumed geometry, and disregarding displacement

currents:

leaving:

Substituting

gives:

i AF _
2 'By dz
3D
Hr = 1z 3
=_?-?—: a_n-‘
Jt -
= i*
EJ o
QR

79
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Difarentiating the seconi equation w/r to

combining, and droppins subscripis results in:

37y 3B _
3.2 S i 3% 0

Yhen 3 is a single=valued, linear, function
define a constant, called the permneability, as:

1 oo

v
.

in which case eq. 1 becomes:
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7, manipulatine,

(1)

of H, we may

The solution Zor tnls equatinn follows a similar one that

starts on pare 189 of reference 8.

Boundary nnd in'tial conditions are:

H(O,t) = H(a,t) = HP: A(x,0) = 0.

1 = H, + Hy, = Steady s%ate sol'n + trans
o -

ES satisfies one particular sol'n of eq. 2:

ient sol'n.

£0




| S = e , :
{
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To find the transient part of the sol'n we set up new
boundary conditioms:

Hy (o,t) = %(0,¢) - BEg =H =-H_ =0, (3)

Ep (a,8) = H(a,t) - Hg = H_-H_=0, (4)

Anether particular sol'n of eq. 2 is:

o
g
E = (c;3 sin bx + ¢, cos bx) o (s)
Substituting eq. 3 inte eq. 5%
2
-2t
Hy (0,t) = (e; 510 + 0 cos 0) o ML)
:. a‘ = 0! d
¥
H,rr-cssinbxo Tn (6)

Substituting eqe 4 into eq. 6:

%
Hy (a,8) me; sindae °F =0

o.. 'hbﬂ.O.m"?I

so that:

- _ gy
Ey = Z ¢, sin BExoﬂzu (7)

n=0

A-36014%®
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New initial conditions are:
Hy (x,0) = H (x,0) = Og=0=-H =7

Substituting these into eq. 7:

[
(T
Hy (x,0) = E c, sin E‘-x-—--ll..
n=0

2H 4 H
o e cn=-—n-§(1—°°'m)=“—n;2 for odd n.

L ]

So that:
oo 2“21;
H = - Z f—H.R gin RTx .- a"oe ] (8)
T nmn a
n=1
And:
- LR
- <
4 z i anx al0p .
Hsﬂ.(l-“ n!lnal , odd n (9)
n=1
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